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10 December 1984
Conditions of Use

The following conditions regulate the use of computer programs developed by the Hydrologic
Engineering Center (HEC), Corps of Engineers, Department of the Army.

1. The computer programs are furnished by the Government and are accepted and used by the
recipient individual or group entity with the express understanding that the United States
Government makes no warranties, expressed or implied, concerning the accuracy, completeness,
reliability, usability, or suitability for any particular purpose of the information or data contained
in the programs, or furnished in connection therewith, and that the United States Government
shall be under no liability whatsoever to any individual or group entity by reason of any use
made thereof.

2. The programs belong to the United States Government. Therefore, the recipient agrees
neither to assert any proprietary rights thereto nor to represent the programs to anyone as other
than Government programs.

3. The recipient may impose fees on clients only for ordinary charges for applying and
modifying these programs.

4. Should the recipient make any modifications to the program(s), the HEC must be informed
as to the nature and extent of those modifications. Recipients who modify HEC computer
programs assume all responsibility for problems arising from, or related to, those modifications.
User support from the HEC to third part recipients will only be provided after the second party
demonstrates that program difficulties were not caused by their modifications.

5. This "Conditions of Use" statement shall be furnished to all third parties that receive copies
of HEC programs from the recipient. Third party recipients must be notified that they will not
receive routine program updates, correction notices, and other program services from the HEC
unless they obtain the program(s) directly from the HEC.

6. All documents and reports conveying information obtained as a result of the use of the
program(s) by the recipient, or others, will acknowledge the Hydrologic Engineering Center,
Corps of Engineers, Department of the Army, as the origin of the program(s).



FOREWORD

This manual describes concepts and input data requirements for an
expanded version of the STORM model. The major additions to the capabilities

of the October 1974 version are the following options:

New Capabilities

Soil Conservation Service Runoff Curve Number Technique
Use of Unit Hydrographs to Define Runoff
Pollutant Accumulation in Terms of Pounds/Acre/Day .
Ability to Compute (or Specify) Quantity and Quality of Dry
Weather Flow
Specification of up to 20 Land Uses

Choice of English or Metric Units

Future versions of STORM will contain the following additional capabilities:
Channel Routing and Combining of Subbasins
Expanded Detention Reservoir Sizing Capability
Planning Level Treatment Computations
Settling of Pollutants in Storage
Planning Level Stream Water Quality Analysis
Frequency Analysis of Pollutant Loadings and Instream Concentrations
Economic Analysis

Post Processor for Statistical and Graphical Displays
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STORAGE, TREATMENT, OVERFLOW, RUNOFF MODEL
"STORM"

1.  ORIGIN OF PROGRAM

The original version of this program was completed in January 1973
by Water Resources Engineers, Inc. (WRE) of Walnut Creek, California, while
under contract with The Hydrologic Engineering Center (HEC). Parts of the
program had been previously developed by WRE for the Environmental Protection
Agency and the City of San Francisco. The HEC has revised the input and
output formats of the program to conform to its standardized methods and has
made numerous other program modifications including those summarized in the
Foreword. Resource Analysis, Inc., of Cambridge, Massachusetts, added.the

capability for dry weather flow computations. [1]*

2, PURPOSE OF THE PROGRAM

This program provides a means for analysis of the quantity and quality
of runoff from urban or nonurban watersheds. The two main types of output
are statistical information on quantity and quality of washoff and overflow
and pollutographs for selected individual events. Loads and concentrations
of six basic water quality parameters are computed (suspended and settleable
solids, biochemical oxygen demand, total nitrogen, orthophosphate, and
total coliform). Land surface erosion is also computed. The purpose of
the analysis is to aid in the sizing of”storage and treatment facilities
to control the quantity and quality of storm water runoff and land surface

erosion. The model considers the interaction of seven storm water elements:

*Refers to 1ist of references.



rainfall/snowmelt
runoff
dry weather flow
pollutant accumulation and washoff
land surface erosion
treatment rates
detention reservoir storage
The program is designed for period of record analysis using continuous

hourly precipitation data. It is, therefore, a continuous simulation model.

3. HARDWARE AND SOFTWARE REQUIREMENTS
This program is operable on the CDC, UNIVAC, IBM and certain other

computer systems. It reauires about 50,000 words of core storage. Innut

is accomplished by card reader and/or a tape/disk. Output is accomplished
by a 132 position line printer. Six additional tape/disk units are required
for temporary storage during processing although all six may not be used
during any given run depending on input/output options. The only non-
standard features of the three computer systems reauired by this program
are END OF FILE checks and the way in which multiple output files are
handled. Up to three output files are generated on tape/disk which are
automatically printed at the conclusion of the job. Detailed instructions

will be found in Paragraph 5c Computer System Implementation Notes.

4. DESCRIPTION OF THE PROGRAM

a. General Concepts. The quantity of storm water runoff has tradi-

tionally been estimated by using a design storm approach. The design storm



was often developed from frequency-duration-intensity curves based on rain-
fall records. This approach neglects the time interval between storms and
the capacity of the system to handle some types of storms better than others.
Infrequent , high intensity storms may be completely contained within
storage so that no untreated storm water overflows to receiving waters.
Alternately, a series of closely spaced storms of moderate intensity may
tax the system to the point that excess water must be released untreated,
It seems reasonable, therefore, to assume that precipitation cannot be
considered without the system, and a design storm cannot be defined by
itself, but must be defined in the light of the characteristics of the
storm water facilities. The approach used in this program recognizes not
only the properties of storm duration and intensity, but also storm spacing

and the storage capacity of the storm water system.

Figure 1 shows a schematic representation of the seven storm water
elements modeled by STORM. In this approach, rainfall washes dust and
dirt and the associated pollutants off the watershed. The resulting runoff
is routed to the treatment-storage facilities where runoff less than or
equal to the treatment rate is treated and released. Runoff exceeding the
capgcity of the treatment plant is stored for treatment at a later time.
If ﬁtorage is exceeded, the untreated excess is wasted through overflow
directly into the receiving waters. The magnitude and frequency of these
overflows are often important in a storm water study. STORM provides

statistical information on washoff, as well as overflows. The quantity,
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quality, and number of overflows are functions of hydrologic characteristics,

land use, treatment rate, and storage capacity.

A typical method of investigation is to alter the treatment, storage,
and land use and note the resulting response of the system. A group of
alternatives can then be selected from among those meeting the overflow

quantity and quality objectives.

The following sections describe the methodology of this approach of
estimating storm water runoff quantity and quality. The four major steps
involved are 1) the computation of runoff quantity, 2) the computation of
runoff quality, 3) the computation of treatment, storage, and overflow, and

4) computation of land surface erosion.

b. Computation of Snowmelt. If snowfall/snowmelt computations are

to be considered, the input hourly precipitation record must first be
processed with a daily air temperature record for the same period of time.

Snowmelt analyses are accomplished by the Degree-Day method as follows:

MELT = COEF * (T - TT), MELT < PACK (1)
where
MELT = snowmelt in basin inches/day (mm/day)
COEF = degree day melt coefficient, usually about 0.05 - 0,1
in/day7°F (2.3-4.6 mm/day/°C)
T = averaée daily air temperature, °F (°C)
TT = threshold temperatuee, °F (°C), at which snow melts
PACK = available snowpack water equivaient in basin inches (mm)
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The input precipitation record is processed with daily average or
max/min temperatures in order to determine whether the precipitation is
1iquid or snow. When the average daily temperature is below a freezing
threshold, the precipitation during that day falls as snow and accumulates
in a pack. No runoff occurs on this day. Conversely, when the average
daily temperature is above the freezing threshold, the snowpack melts and
provides runoff in addition to rainfall, if any, during that period. The
snow is assumed to melt from 0900 to 1700 hours. The resulting snowmelt
and rainfall record replaces the original precipitation record as input
to subsequent processing. Because rainfall energy is considerably larger
than snowmelt energy for purposes of land erosion computations, days on
which snowmelt occurs are flagged by negative signs so that the appropriate

computations can be made for erosion.

c. Computation of the Quantity of Runoff. Runoff quantity can be

computed by one of three methods, the coefficient method, the U.S. Soil
Conservation Service Curve Number Technique, or a combination of the two.
The coefficient method specifies that a certain fraction of rainfall will
run off each hour of each rainfall event while the SCS method uses a rain-
fall-runoff relationship based on antecedent conditions for each rainfall
event. The third option uses the coefficient method on impervious areas
and the SCS method on pervious areas, weighting the sum according to the

total fraction of impervious area.

(1) Coefficient Method. The coefficient method uses the following

equation for computation of runoff volume during each hourly time interval,



r=C (P - f) (2)

where
r = runoff in inches (mm)
C = composite runoff coefficient
P = rainfall/snowmelt in inches (mm) over the area
f = available depression storage in inches (mm)

Average annual runoff coefficients for the pervious and impervious
areas of the watershed are specified and subsequently weighted according
to the total fraction imperviousness so as to obtain a single composite
runoff coefficient. The runoff coefficient accounts for losses due to

infiltration and is computed by the following equation:

C= Cp + (CI - Cp) iél X;Fs (3)
where
Cp = runoff coefficient for pervious surfaces
CI = runoff coefficient for impervious surfaces
X; = area in land use i as a fraction of total urban watershed area
Fi = fraction of land use 1 that is impervious
L = total number of land uses

The composite runoff coefficient is used for every rainfall event in
the rainfall/snowmelt record regardless of rainfall characteristics or

antecedent moisture conditions. One would expect this method to perform



better on watersheds of relatively high percent imperviousness, for which

losses due to infiltration are relatively small.

Before the runoff coefficient is applied, depression storage losses
must be satisfied. Depression storage represents the capacity of the
watershed to retain water in depressions and on foliage. The amount of
depression storage at any point in time is a function of past rainfall/
snowmelt and evaporation. Depression storage is computed on a continuous

basis by the following expression:

f = fo + NDk, f<D (4)
where
fo = available depression storage, in inches (mm) at the end of
previous rainfall event
ND = number of dry days since end of previous rainfall event
k = pan evaporation rate, in inches/day (mm/day), representing
the recovery of depression storage
D = maximum depression storage in inches (mm).

Before the surface runoff enters the storage-treatment computations it
may be modified by a diversion. The diverted flow is considered lost from
the system and is not used in any further computations. Since the diversion
option applies only to the surface runoff, it cannot be used to divert dry
weather flow in combined sewer systems. Overflows from a combined system
may be approximated by setting the treatment rate equal to the average flow

at which overflow begins.



The equation for runoff is:

R=r-w(r-DW,), forr<pvw . (5)

min

R=yr-w (DVUmax - Dvumin)’ for r > DVUmax (6)

where
R = surface runoff after diversion
r = surface runoff before diversion
w = fraction of runoff between DVUmax and DVUm,‘n diverted
DVUmin = runoff at which diversion begins
DVU ., = runoff at which no additional diversion can occur

Figure 2 illustrates a sample of the manner in which the precipitation
(P), depression storage (f), excess rainfall (P-f) and the resulting

runoff (R) are handled by the coefficient method. Treatment, storage and

overflows are also depicted.

(2) Soil Conservation Service Method. [2] The SCS Curve Number

Technique uses a curvilinear relationship between accumulated runoff and

accumulated rainfall. The basic equation used for each rainfall event is

2
_ (P - 1A
0 = (7)

where
Q = accumulated runoff in inches (mm)
P = accumulated precipitation in inches (mm)
IA = initial abstraction in inches (mm). Represents all initial losses
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(depression storage, interception, and infiltration during the
filling of depression storage) that occur prior to the time when

runoff begins.

S = total soil moisture capacity for storage of water in inches (mm).

In situations where values for IA are unavailable, the SCS suggests using
IA = 0.2*S. This has been included as a default in the program, however,
it may yield too high values of IA for urbanized areas. During each
precipitation event, soil moisture capacity (S) is decreased due to

infiltration and increased due to percolation to ground water.

Computations are carried out in terms of soil moisture capacity,
however, the curve number and soil moisture capacity are related by the
following equation (for English units).

- 1000
N=r+s (8)

Figure 3 illustrates examples of SCS runoff curves. Each curve (CN)
represents a unique relationship between rainfall and runoff. No runoff
occurs until the initial abstraction (IA) is satisfied. Thereafter, the
runoff proceeds along the parabolic function and eventually becomes asymptotic
to a 45° line. In the asymptotic region, nearly all additional precipitation
is assumed to run off., (A curve number of 100 with an initial abstraction of
0 would represent a completely impervious watershed with no storage or
interception.) Since the Curve Number Technique was developed to compute
total storm runoff volume, an assumption was made that the curves could

also be used to represent the cummulative runoff during an event. Cali-

bration should include verification of this assumption.

1
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Since STORM is a continuous simulation model, a procedure is needed
to compute evapotranspiration, infiltration from initial abstraction,
and percolation during periods of no precipitation. The model computes
the soil moisture capacity (deficit) at the beginning of each time increment

by the following equation. Baseflow is not simulated.

St = St—] - IN*At + A*EV*At + BxMPxAt (9)
where
A = 0.7 ((sM-5,_;)/sM)Y (10)
B = ((sM-5,_;)/sm)P (1)
S = soil moisture capacity for storage of water in inches (mm)

IN = maximum infiltration rate from initial abstraction in inches/

hour (mm/hour)

EV
MP

pan evaporation rate in inches/hour (mm/hour)

maximum soil percolation rate in inches/hour (mm/hour)

SM = maximum soil moisture capacity for storage of water in inches (mm)
t = time

At =1 hour

v = exponent regulating evapotranspiration

p = exponent regulating percolation

The exponents v and p should be determined during calibration to
observed data. Preliminary studies at HEC indicate that they range from
1.0 to 5.0. An:increase in v or p will cause an increase in the surface

runoff. Figure 4 illustrates a sample of the manner in which initial

13
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abstraction (IA), soil moisture capacity (S), precipitation (P), and the

resulting runoff (R) are handled by this option in STORM.

(3) Dry-Weather Flow Quantity. Dry-weather flow in combined

sewer systems is often a major contributor of pollutants to the receiving
waters. Capability has been placed in this version of STORM to allow the
user to specify or compute the quantity and quality of dry-weather flow.
Previous versions of STORM did not have the capability to compute quality
of dry-weather flow although the quantity of pipe storage could be included

in the watershed storage value.

The quantity of dry-weather flow is produced by domestic, commercial
and industrial waste water discharges and pipe infiltration from ground

water.

Four options for computing the quantity of dry-weather flow have

been provided:

(1) Specification of the total waste water flow (sum of
domestic, commercial and industrial) and the infiltration
flow in million gallons per day {million liters per day).

(2) Domestic, commercial, industrial, and infiltration flows
specified separately, all in million gallons per day
(million liters per day).

(3) Specification of the coefficients required in the following

equations to compute each component of dry-weather flow:

15



Domestic Flow cl*Population

Commercial Flow cz*Commer61a1 Area in acres (hectares)

Industrial Flow c3*Industria1 Area in acres (hectares)

Infiltration Flow c4*Tota1 Area in acres (hectares)

where the coefficients have the following units:

¢y in mgd per capita (million liters per day per capita)

Cps C3 and Cy in mgd per acre (million liters per day per hectare)
(4) Same as Option 3 except that the model assumes the following

values for the coefficients Cys Cps Cg and Cy [3].

¢y = 0.0001 mgd/capita (0.3785 m>/day/capita)
= 0,03 mgd/acre (280.5 m3/day/hectare)

(g}
N
!

0.01 mgd/acre (93.5 m3/day/hectare)

0
w
L}

cy = 0.002 mgd/acre  (18.7 m>/day/hectare)

Three options for daily variations in dry-weather flow have been

provided:

(1) Specification of the ratio of flow for every day of the
week to average daily flow.
(2) Default values given in Table 1 will be used for the above ratios.

(3) A value of 1.0 will be used for all the above ratios.

Three options for hourly variations in dry-weather flow have been

provided:

16



Table 1

Default Values for Ratio of Daily Flows to Average
Daily Flows [4]

Day Ratio
Monday 1.08
Tuesday 1.04
Wednesday 0.92
Thursday 1.03
Friday 1.00
Saturday 0.96
Sunday 0.95

17



(1) Specification of the ratio of flow for every hour of the
day to the average hourly flow.

(2) Default values given in Table 2 will be used for the
above ratios.

(3) A value of 1.0 will be used for all the above ratios.

The dry-weather flow for the I-th day of the week and J~th hour of

the day is computed as:

DWF(I,J) = ADWF*DVAR(I)*HVAR(J) (12)

where: ADWF average daily dry-weather flow in mgd (103m3/day)

DVAR(I) = ratio of dry-weather flow for day I to the average
daily dry-weather flow
HVAR(J) = ratio of dry-weather flow for hour J to the average

hourly dry-weather flow

(4) Unit Hydrograph Procedure. The unit hydrograph provides

a means of routing basin excesses to the outlet of each subbasin. STORM
employs the Soil Conservation Service triangular unit hydrograph [5]. It
relieves the restriction that STORM be applied only to small subbasins
where routing effects could be neglected. The only additional variables
required to use the unit hydrograph option are the time of concentration
of the subbasin and the ratio of time of recession to time to peak of the

unit hydrograph. The unit hydrograph procedure can be used with either

18



Table 2

Ratio of Hourly Flow to Average Hourly Flow [4]

e 3
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Ratio

0.6
0.5
0.5
0.5
0.5
0.8
0.8
1.4
1.5
1.5
1.4
1.4
1.3
1.3
1.3
1.2
1.2
1.1
1.1
1.0
1.0
0.8
0.7
0.6



the coefficient method or the SCS method of runoff computation. Pollutant
masses are also routed by the unitgraph procedure., The equations for the
unit hydrograph characteristics are shown below for a one hour unit

hydrograph (in English units).

—
I

= 0.5+ 0.6 T, (13)

O
!

= 1.00833 5’3% (15)
P

where
= time to peak of the unit hydrograph (hrs)
= time of concentration of the subbasin (hrs)

time of recession of the unit hydrograph (hrs)

> 4~
"

= drainage area in acres (hectares)

one inch of surface runoff

LO O
i

= unit hydrograph peak in cfs (liters per second)

d. Computation of the Quality of Runoff.

(1) Quality of Surface Runoff. Pollutants tend to accumulate

on the land surface in many ways. Some of the most common accumulations
occur in debris dropped or scattered by people, sidewalk sweepings, erosion

and debris from construction or renovation, remnants of household refuse,

20



residue from automobile exhaust and tires, and the fallout of particulate
matter from the air. Irrespective of the way in which pollutants tend to
accumulate on the watershed, they can be generally classified into one of
the following categories of street litter: rags, paper, dust and dirt,

vegetation, and inorganics.

Some of the most significant water quality parameters include suspended
and settleable solids, chemical and biochemical oxygen demand, nitrogen,
phosphorous and coliform bacteria. Other pollutants found in storm water
runoff can include pesticides, herbicides, and numerous inorganic

constituents.

Two methods for specifying pollutant accumulation are available in

STORM, the dust and dirt method and the daily pollutant accumulation method.

The dust and dirt method assumes that all pollutants are associated
with the dust and dirt accumulation in the streets. A study [6] done in
Chicago concluded that the most significant category of street litter is
dust and dirt except during the fall when organic material becomes the
dominant component. The Chicago study al§o determined the dust and dirt
accumulation rate in the streets of several test areas and related the
concentrations of various pollutants to the amount of dust and dirt. This
option in STORM allows the user to specify the dust and dirt accumulation
in terms of pounds/100 feet of gutter length/day (kg/100 m gutter/day) for
each land use, The pollutants are expressed as fractions of the dust and
dirt for each land use. This method of pollutant accumulation should not

be used where a significant portion of the pollutants come from areas other
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than streets nor where non-urban land uses represent a significant portion
of the watershed. Use of the dust and dirt method on a non-urban watershed

would require specification of ficticious street gutter densities for each

land use.

The computation of the quality of storm water runoff using the dust
and dirt basis involves a continuous analysis of the accumulation and
washoff of the dust and dirt within the study area. The amount of
pollutants washed into the storm drains and eventually to the treatment
facilities or receiving waters is related to several factors including
the intensity of rainfall, rate of runoff, the accumulation of dust and
dirt on the watershed and the frequency and efficiency of street sweeping
operations. The rate of dust and dirt accumulation, DDL, for a given land

use, L, can be expressed as:

DDL = ddL (GL/YOO) AL (16)
where

DDL = rate of dust and dirt accumulation on land use L in 1bs/day
(Kgs/day)

ddL = rate of dust and dirt accumulation for land use L in 1bs/day/100
feet of qutter (Kgs/day/100 m of gutter)

G = feet (m) of street gutter per acre (hectare) for land use L

A, = area of land use L in acres (hectares)
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If the number of days since the last runoff is less than the street
sweeping interval, the initial quantity of a pollutant p on land use L

at the beginning of a storm is computed as:

Pp = FpDDLND + Ppo (17)
where
Pp = total pounds (Kgs) of poliutant p on land use L at the
beginning of the storm
Fp = pounds (Kgs) of pollutant p per pound (Kg) of dust and dirt
ND = number of days without runoff since the last storm
Ppo = total pounds (Kgs) of pollutant remaining on land use L at

the end of the last storm.

If the number of days without runoff is greater than the street

sweeping interval, the following expression is used:

Pp = P (1-E)" + NDD F L(1-E)" + -1 +...+ (1-B)]

p
+DDLFp(ND - nNS) (18)
where
Ns = number of days between street sweepings
n = number of times the street was swept since the last storm
E = efficiency of the street sweeping, expressed as a fraction
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Finally, the expression used to compute the hourly rate at which

pollutants are washed off the watershed is

M, = Py (1-e7R1) (19)
where
RI = runoff rate in inches/hour (mm/hour) from impervious surfaces
for the coefficient method or total runoff for the SCS method
and combination method.
K = washoff decay coefficient

This equation must be modified, however, because not all of the dust
and dirt on the watershed is available for inclusion in the runoff at a
given time. The following set of equations is used to calculate the hourly
rate of washoff, M, of the suspended solids (sus), settleable solids (set),
biochemical oxygen demand (bod), total nitrogen (nit), total orthophosphate

(PO4) and total coliform (Coli).

Mous = Agys Psys EXPT (20)

where
ASus = availability of suspended material
= 0.057 + 148" (21)
EXPT = (1-e~KRp) (22)
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Mot = Asetpset EXPT (23)

where
ASet = availability of settleable material
= 0.028 + R, * (24)
Mbod = Pbod EXPT + O.IOMSus + O.OZMset (25)
Mnit = Pnit EXPT + 0.O5MSus + O.OIMSet (26)
M = p EXPT + 0.005M
PO4 PO4 sus + O.OOTMset (27)
Meo14 = Peori EXPT , (28)

If some of the runoff is lost due to the diversion option, the
pollutant washoff is reduced by the ratio of the flows before and after

diversion., That is

My = My (R/7) (29)
where
Mé = pounds/hour (kgs/hour) of pollutant p after diversion
Mp = pounds/hour (kgs/hour) or pollutant p before diversion
R = runoff after diversion in inches (mm)
r = runoff before diversion in inches (mm)

The second method of pollutant accumulation is the daily pollutant
accumulation method. It is to be used in watersheds where a significant

portion of the pollutants are assumed to come from areas other than streets
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or where a significant portion of the land uses are non-urban. The method
requires only average daily accumulation rates for each pollutant. Dust
and dirt accumulation rates are not required. Street sweeping is not

allowed with this method.

(2) Quality of Dry-Weather Flow. The quality constituents

predicted by the dry-weather flow portion of STORM are the same as those
predicted by the surface runoff portion. These are suspended solids,
settleable solids, biochemical oxygen demand, total nitrogen, total
orthophosphate, and total coliform. Four options are also provided for
computation of quality of dry-weather flow. The same option must be used

for quality as for quantity: (see page 15)

(1) Specification of the total daily pollutant loads for the
first five constituents in pounds per day (kgs per day)
and coliforms in billion MPN (Most Probable Number) per day.
(2) Specification of domestic, commercial, industrial, and
pipe infiltration pollutant loading rates in pounds per
day (kgs per day) for the first five constituents and
coliforms in billion MPN per day.
(3) Specification of the coefficients ((B(I,d), Jd = 1,6), I = 1,4)

required in the following equations to compute each component:
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Domestic Loads:

Suspended Solids = B(1,1)*Population
B(1,2)*Population

Settleable Solids

Biochemical Oxygen Demand B(1,3)*Population

Nitrogen = B(1,4)*Population
Orthophosphate = B(1,5)*Population
Coliforms = B(1,6)*Population

Commercial Loads:

Suspended Solids = B(2,1)*Commercial Area in acres (hectares)

Settleable Solids= B(2,2)*Commercial Area in acres (hectares)

.
.
.

Coliforms = B(2,6)*Commercial Area in acres (hectares)

Industrial Loads:

n

Suspended Solids B(3,1)*Industrial Area in acres (hectares)

B(5,2)*Industrial Area in acres (hectares)

Settleable Solids

L]
. .

B(3,6)*Industrial Area in acres (hectares)

Coliforms

Infiltration Loads:

B{4,1)*Total Area in acres (hectares)

Suspended Solids

Settleable Solids = B(4,2)*Total Area in acres (hectares)

Coliforms B(4,6)*Total Area in acres (hectares)
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where the coefficients have the following units:
(B(1,d), J = 1,5) in pounds (kgs) per capita per day
B(1,6) in billion MPN per capita per day
((B(1,3), I = 2,4), J = 1,5) in pounds per acre per day (kgs per
hectare per day).
(B(I,6), I = 2,4) in billion MPN per acre per day (billion MPN per
hectare per day).
(4) Same as Option No. 3 except that the default values shown

in Table 3 are used for the coefficients.

The option used for dry-weather flow quality computations must be

the same as that used for the dry-weather flow quantity computations.

Option No. 1 is the most accurate since it uses data from the
prototype system. Option No. 2 can be used where estimates of the
individual components can be computed. Option No. 3 requires typical
coefficients for each component. Option No. 4 should be used only as
a last resort since the default values may not be appropriate for the

prototype system.

e. Computation of Storage, Treatment and Overflow. Computations of

treatment, storage, and overflow are accomplished on an hourly basis throughout
the rainfall/snowmelt record. Periods of no rain are skipped. The number of

dry hours is used for various purposes including recovery of soil moisture
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Table 3
Default Values for Coefficients Used in Computation of

Dry-Weather Flow Quality [7], [16]

Values of B(I,J) (I=use, J=pollutant)

Domes- Commer~ Indus- Infiltra-
tic (1) cial (2) trial (3) tion (4)
(1bs/capita/day) (1bs/acre/day)
Suspended 0.22 0.33 0.44 0.
Solids (1)
Settleable 0.22 0.33 0.44 0.
Solids (2)
BOD (3) 0.20 0.30 0.40 0.
N (4) 0.04 0.05 0.06 0.
P04 (5) 0.02 0.025 0.03 0.
Coliforms (6) 0.0002 0.0003 0.0003 0.
(bi1lion MPN/ (bi1lion MPN/acre/day)
capita/day)

Values for Commercial and Industrial may vary over large ranges.

29



storage capability. Every hour in which runoff (may include dry-weather flow)
occurs, the treatment facilities are utilized to treat as much runoff as
possible. When the runoff rate exceeds the treatment rate, storage is utilized
to contain the runoff. When runoff is less than the treatment rate, the excess
treatment rate is utilized to diminish the storage level. If the storage
capacity is exceeded, all excess runoff is considered overflow and does not
pass through the storage facility. This overflow is lost from the system and
cannot be treated later. While the storm runoff is in storage its age is
increasing. Various methods of aging are used including average, first-in:
last-out, first-in: first out, or others, depending on the inlet and outlet
configurations of the storage reservoir. This version of STORM does not
compute the amount of pollutant reduction due to settlement of solids while

in storage.

The computation of storage and the interplays among rainfall/snowmelt,
storage, and treatment represent a simplistic approach to dividing a rain-
fall record into unique events such that the event is defined in terms of
the characteristics of the urban system. For example, whether two "storms"
are considered as two isolated occurrences or as one large storm is entirely
dependent upon how the system will react to them, If the system has not
recovered from the first when the second arrives, the two definitely will
interact and hence must be considered together. An "event" is defined,
therefore, as beginning when storage is required and continuing until the
storage reservoir is emptied. A1l the rainfall occurring within this period

is part of the same event. If runoff plus dry-weather flow does not exceed
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the treatment rate, the resulting waste water will pass through the treat-
ment process without causing an event. From the standpoint of the storm
water system, such precipitation is inconsequential and hence is not part

of an event even if it should occur immediately before an event.

The quantity of the system overflows are computed by

Q =R=-0Qp - Q (30)

Qr = minimm of (R + Qst-1’ T) (31)

Qg = minimum of (R - QT,S) (32)
where

Q% = basin inches (mm) of runoff overflow

Qr = basin inches (mm) of runoff treated

Qg = basin inches (mm) of runoff stored

QSt-] = basin inches (mm) of storage remaining in previous hour

R = basin inches (mm) of runoff plus dry-weather flow (routed)

T = treatment rate in basin inches/hour (mm/hour)

S = storage capacity in basin inches (mm)

The quality of the system overflows are computed as follows for each

po]]utant‘for each hour,

M (Qy/R) | (33)

MpT/S = Mp - Mpo (34)

Mpo
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where

Moo = total pounds (kg) of pollutant p overflowing from system
Mé = total pounds (kg) of pollutant p coming into the system as
computed by equation (29)
MpT/s = total pounds (kg) of pollutant p going to storage/treatment

system

This version of STORM does not model the biochemical aspects of the
treatment process. It merely computes the quantity of water treated.
If the dry-weather flow option is used, the treatment rate specified by
the user should, in general, be greater than the average dry-weather flow.
Otherwise, a continuous combined sewer overflow will occur requiring

continuous storage.

f. Computation of Land Surface Erosion.

(1) The Universal Soil Loss Equation. The universal soil-loss

equation is used to calculate land surface erosion. [8]

SER = EIxK#LS*C*P#SDR (35)

Where
SER = land surface erosion from the subbasin in tons/acre (metric
tons/hectare) for the event
El = rainfall factor based on rainfall/snowmelt erosive energy
K = soil erodibility factor based on soil properties
LS = length-slope factor, a function of ground surface slope (S) and

overland flow length (L) as follows:
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Ls =VL (.0076 + .00535 + .0007657)

C = cropping-management factor, eepresenting the character and extent
of ground cover (grass, brssh, trees, etc.)
P = erosion=control practice factor, intended to represent manmade
erosion control practices or structures.
SDR = sediment delivery ratio

Rainfall Factor. Although the rainfall factor is calculated from

rainfall intensity, it is based on raindrop size versus terminal velocity

as determined by a regression equation. A basic assumption is that rain
storm events west of the Rocky Mountains produce rain drops which obey

the same regression equation as the one for storms east of the Rocky
Mountains. Snowfall, however, produces no impact energy and yet, the
resulting runoff produces land surface erosion. Therefore, the EI value
from snovmelt is arbitrarily decreased to 1/3 of the value for an equivalent

rainfall excess.

Length-Slope Factor. The length used in this factor should be the

overlénd flow distance to the point where a stream or qully is encountered.
Construction can\change this distance. Slope length would then be measured
as the lot dimension in the direction of ground surface slope. The
objective is to relate the length of the slope being analyzed to the

length of the standard soil erosion test plots used by the SCS to develop

the soil erosion coefficients.

Cropping-Management Factor.is used to reduce erosion rate due to the

presence of ground cover. Table 4 contains suggested values.
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Table 4. Ground Cover Factors

Ground Cover C Factor
or Treatment % Remarks
Bare ground 100
Seed and fertilizer [ 9] 60 During 18-20 mo. constr. period

Seed, fertilizer & straw mulch [ 9] 30 " o " "

Erosion control chemicals A&B 90 " v oom " "
Erosion control chemical X [ 9] 60 " noom " "
Grass cover [1p] 1
Land denuded by fire (judgment) 100

Erosion Control Practice Factor. Table 5 contains suggested values.

Table 5. Erosion Control Practice Factors [10]

Practice Land Slope (%) P (%)
No consideration - 100
Contouring <12 60
Contouring 12-18 80
Contouring 18-24 : 90
Contour stripcropping <12 40
Contour stripcropping 12-18 60
Contour stripcropping 18-24 70

The values suggested for C and P are subjective; therefore, field
verification is needed. The Soil Conservation Service should be

consulted for additional information regarding local conditions.

34



(2) Erosion by Soil Type. Default values for the soil erosion

variables, except for EI, are coded into the computer program so that one
need only specify the soil type by its classification code (BtB, HaC, ...,
etc.) in order to calculate the erosion rate and total erosion. An example
of a procedure for utilizing a soil map to code soils information is

described in the following paragraphs.

The prograﬁ does not require the user to code all of every soil
type in the study area. One or more representative sample areas can be
coded and the program will “scale up" the soil erosion variables to the
entire study area. For example, the soil types, columns (1) and (4) in

Table 6 were coded from the 1/2 square mile sample area shown on Figure 5.

Figure 5.
Table 6. Sampling Soil Types in a Study Area
Soil No. of % of Soil No. of % of
Type Grid Points Study Type 6rid Points Study
(sample) Area (sample) Area_
(1) (2) (3) (4) (5) (6)
LbC 3 .7 BeB 7 1.7
Cac 3 o7 Pte 5 1.2
PtD 6 1.4 PtB 5 1.2
CiD 4 1.0 LaD 17 4,0
DaT 4 1.0 PtB 2 .5
CiE 4 1.0 LaD 6 1.4
CiE 5 1.2 EnB 4 1.0
CiD 12 2.9 PtD 3 .7
PtC 12 2.9 _PtC _ 2 .5
TOTAL 104 25.0
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Figure 5, Soil Map

A grid sampling technique was used to obtain the sample data in which
a 1/2 square mile grid has 104 points. The numbers of points in various
soil groups in the sample are shown in columns (2) and (5). The percent
of the total 2 square mile study area is calculated by dividing the number
of points for each soil type by the number of grid points in the total
study area (416).
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(3) Erosion During and After Construction. When evaluating the

impact of a development on land surface erosion, L, S, C and P may be
specified for each land use. The soil type codes are used again to identify
the soil types in each land use category. The program will then calculate
erosion rate, erosion, and washoff of dust and dirt from impervious areas
for a single storm or for the period of record. One can calculate erosion
during construction or during some other phase of land management by varying
C and P. The increase or decrease in land surface erosion due to ultimate
development or interim construction practice can be estimated by comparing

these results with those representing natural conditions.

(4) Erosion by Land Use. When computing land surface erosion

by land use, one must specify the variables for equation (35) for each
land use. It is difficult to select one average value for each land use
since there are so many different soil types. Therefore, the capability
of specifying each set of soil properties and erosion control practices

as a percent of the total area for that land use is provided. The program
weights and combines these distributed properties into one representative
value for that land use called "potential soil erosion factor". Each

land use may be sampled independently. There is no program 1limit to the
number of samples or the number of soil types. Some samples may account
for 100 percent of that land use category while others in the same data

set may not.

(5) Sediment Delivery Ratio (SDR). The soil erosion equation

(35) predicts the erosion rate at the point where soil is dislodged. Other
factors are important in determining the fraction of erosion that reaches

the outlet of the watershed. Sediment will deposit in the surface and
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subsurface conveyance systems, streets, sediment traps and on adjacent
areas. The size of sediment particles, flow width, flow depth, flow
velocity and change in energy slope are among the important factors in the
determination of the portion of eroded soil that is delivered to the outlet

of the watershed,

STORM lumps the effects of the important sediment delivery factors
into an empirical coefficient called the Sediment Delivery Ratio (SDR).
It replaces all of the complex equations required to model sediment transport
in conveyance systems and movement of sediment in overland flow. Table 7
presents average sediment delivery ratios for various size drainage areas.
The data used to develop the relationship were taken from several studies

[15]. Dependable results require calibration of the SDR using observed data.

Table 7. Sediment Delivery Ratios

Sediment Sediment
Drainage Area Delivery Drainage Area Delivery
Square Miles Ratio Square Miles Ratio
.01 .65 5.0 .21
.05 .50 10.0 .18
.10 .44 50.0 12
.50 .33 100.0 .09
1.00 .29 500.0 .05

The land surface erosion option is intended to be used where onlv
sediment production is to be studied. Sediment loads calculated by this
option are not added to the suspended or setteable solids loads and therefore
are not reflected in pollutograph, event or annual values of suspended and
settleable solids. In studies where soil erosion may be a contributor, but
not necessarily the major source, the loading coefficients for suspended
and settleable solids must be adjusted in order for the soil erosion to be

reflected in the quality output.
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5.  PROGRAM OPERATION

a. Computational Procedure. A summary of the computational procedure

is shown in Figure 6. Some of the computations may be bypassed depending
upon the program options specified. Basic data are read in the first
block including:

Job specifications

Hourly precipitation record available on magnetic tape from

the National Weather Service,
1 Asheville, North Carolina

Land use data including runoff parameters

Daily temperature record

Pollutant accumulation and washoff data

Land surface erosion data

The entire rainfall/snowmelt record is processed for each storage/

treatment alternative.

b. I/0 Unit Assignments and Program Specifications. The program

requires a minimum of one tape/disk unit if rainfall data is read from
cards and only the quantity analysis is generated. The following unit

assignments are necessary for the indicated options.

FORTRAN Logical Unit Option
IN (Input variable) Input precipitation record from tape/
disk "IN"
ITAPE (Input variable) Input temperature record from tape/disk
“ITAPE"
1 Scratch file for Soil Erosion Analysis
N Working storage for snowmelt computation
12 Working storage for precipitation record
13 Output file for Quality Analysis
14 Output file for Pollutograph Analysis
15 Qutput file for Soil Erosion Analysis
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A maximum of 6 tape/disk units are reguired during a given run. The
rainfall record need not be read and edited for each run. The working
tape/disk on unit 12 can be saved and used as input for successive runs
where snowmelt is not computed. Similarly, snowmelt computations need
not be recomputed for each job. Once the snowmelt computations are
satisfactory, the working tape/disk on unit 11 can be saved for successive
runs. The variable IN then specifies input on unit 11. The Input

Description (Appendix B) describes the tape/disk options.

In addition to the tape/disk units previously mentioned, the program
uses a card reader and a 132 position line printer. Some other specifi-

cations of the program operation are shown below.

CDC 7600
Core storage, decimal words 48,640
Compilation time, CPU seconds 2.8
Execution of Test 1, CPU seconds 1.2
Execution of Test 2, CPU seconds 3.7
Execution of Test 3, CPU seconds 0.6

Execution of Test 4, CPU seconds 2.2

c. Computer System Implementation Notes. The STORM model has been

-

generalized as much as possible to permit easy implementation on four major

computer systems: UNIVAC 1108; IBM 360; IBM 370; and CDC 7600. The source
program that has been provided is operable on a CDC 7600 with addition of a

PROGRAM card. Certain changes are necessary in order to operate the program
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on the other three computer systems. These changes are due to TAPE handling
procedures, and END OF FILE checks. The following paragraphs explain the
changes and their locations.

SCRATCH and/or INPUT Tape/Disk Usage. Two data input units may be used as

identified by variable "IN" and "ITAPE" on the C1 and D1 input cards,
respectively. Six SCRATCH units are also required. Unit 12 is designated
for rainfall and units 11 and 12 for rainfall and snowmelt. Unit 1 is
required to accommodate decoding alphanumeric soil classifications in
subroutine ERODE. Units 13, 14, and 15 are used for storing output infor-
mation during processing and are printed at the conclusion of the run by
subroutine PRT. SCRATCH and I/0 units are defined at card sequence #'s
1154-1159, 1194-1196, 1214-1216, 1224, 3627301, 6206, and 6208.
UNIVAC 1108. No change necessary if assigned units conform to standard
units on the system.
CDC The "Program" card establishes the SCRATCH and I/0 units:
PROGRAM STORM(INPUT,OUTPUT,TAPE5=INPUT,TAPE6=0UTPUT,TAPE1,TAPETT,
TAPE12,TAPE13,TAPET4,TAPETS)
IBM //FTOTF0O01 DD UNIT=SYSDA,SPACE=(TRK,(1,1))
//FT11F001 DD UNIT=SYSDA,SPACE=(CYL,(5,2))
//FT12F001 DD UNIT=SYSDA,SPACE=(CYL,(5,2))
TAPE11 and TAPE12 are written in unformatted binary form. They can be saved
for use in subsequent runs to reduce processing time. A single rainfall/
snowmelt day consists of 26 words and each record contains 200 days for the

total of 5,200 words.

43



SCRATCH output files on the IBM 370 must be specified by JCL as follows:
//FT13F001 DD UNIT=SYSDA,SPACE=(133,(500,50)),

// DCB=(RECFM=FB,LRECL=133,BLKSIZE=133)
//FT14F00T DD UNIT=SYSDA,SPACE=(133,(500,50)),
// DCB=(RECFM=FB,LRECL=133,BLKSIZE=133))
//FT15F001 DD UNIT=SYSDA,SPACE=(133,(500,50)),
// DCB=(RECFM=FB,LRECL=133,BLKSIZE=133)

END-OF-FILE. Subroutines STORM, INPUT, PRT and SKPFIL use FORTRAN
end-of-file checks which have not been standardized on all computer systems.
Refer to card sequence numbers 1110-1117, 4651-4662, 5729-5732, 6114-6124

for information on the necessary changes.

6. MODEL USAGE

The STORM model can be used for two important planning components of

a storm water study. These are:

a. Prediction of Wet-Weather Pollutographs (Mass Loading Curves) for

Use in a Receiving Water Assessment Model. These pollutographs can include

both surface runoff and dry-weather flow. Since the computations are based
on land use, the predictions can represent existing conditions or any other
land use conditions. The impact of land use change can, therefore, be
evaluated.

b. Preliminary Sizing of Storage and Treatment Facilities to Satisfy

Desired Criteria for Control of Storm Water Runoff. The model can analyze

a matrix of storages and treatment rates. Results include statistical infor-
mation on quantity and quality of washoff of pollutants and soil erosion,
as well as statistical information on the quantity and quality of storage

overflows for each combination of storage and treatment rate.
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Before the model can be used in these analyses, certain model parameters
must be calibrated to observed quantity, quality and erosion data.

Runoff volumes can be summarized and compared with historical runoff.
This comparison will assist parameter adjustment for the long term water
balance. Pollutographs may be requested for selected events and further
calibration made to reproduce hourly runoff volumes or pollutant loadings.
Detailed recommendations on the calibration and application of STORM will
be found in the HEC report "Guidelines for the Calibration and Application

of STORM" [11].

7. INPUT STRUCTURE
A detailed description of the STORM input data is given in Appendix B.

Data are input on cards and certain tape/disk units.

8. PROGRAM QUTPUT

The STORM program produces four output reports:

Quantity Analysis

Quality Analysis

Pollutograph Analysis

Land Surface Erosion Analysis

The quantity analysis report is generated directly on the line printer
as the program executes. The other three reports are generated concurrently
on tape/disk and automatically printed at the end of the job. Input
variables allow control of the level of printout which may be summary only,
all events, and/or detailed analysis of selected events. The quantity and
quality reports also include average annual statistics of the rainfall/

snowmelt, runoff, pollutant washoff and the quantity, quality and frequency
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of overflows to the receiving water. The land surface erosion report shows
average annual values for sediment production and delivery to the receiving

system. The input and output for several test problems is shown in Appendix A.
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APPENDIX A

TEST DATA SET 1
QUANTITY ANALYSIS
This test data set contains a sample run exercising only the storage
volume and treatment rate (quantity) options in STORM. Three years of
rainfall data are used although the program will handle many years. The
length of record should be based on study needs and statistical consid-
eration, i.e., whether a short record accurately represents long term

conditions,

Two treatment rates are investigated. The storage-utilization curve
is plotted for each combination. Printout level is reduced to summary
only for the second treatment rate. The following pages contain a listing

of the data deck for Test Data Set 1 and the results,
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HOURLY RAINFALL, IN HUNDRETNS OF AN INCH

RAINFALL DATA FOR CASTRO VALLEY FIRE DEPARTMENY
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HOURLY RAINFALL, IN HUMDRETHS OF AN INCH
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HOURLY RAINFALL, IN HUNDRETMS OF AN INCH

RAINFALL DATA POR  CABTRO VALLEY FIRE DEPARTMENY
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APPENDIX A

TEST DATA SET 2
QUANTITY AND QUALITY ANALYSES, SNOWMELT, UNIT HYDROGRAPHS

Test Data Set 2 uses the snowmelt option in STORM. It also provides
both a quantity and quality analysis of surface runoff. The Soil Conser-
vation Service Techniques are used for computing quantity of runoff as
well as the characteristics of the unit hydrograph. The input hydrograph
option is exercised to demonstrate that computed hydrographs can be
replaced with user desired observed hydrographs (dimensioned for 100
consecutive days of input hydrographs). A one year sample rainfall record
is used. Pollutant accumulation rates are expressed in terms of pounds/
acre/day. Hourly pollutographs are computed for several selected events
to i]1ust}ate calibration of the model using observed runoff quantity and
quality data for these events. The following pages contain the input and

output for Test Data Set 2.
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APPENDIX A

TEST DATA SET 3

QUANTITY AND QUALITY ANALYSES, DRY WEATHER FLOW, METRIC UNITS

Test Data Set 3 provides a quantity and quality analysis that includes
dry weather flow. Dry weather flow is the result of domestic, commercial
and industrial waste water discharges and pipe infiltration from ground
water. The dust and dirt method of pollutant accumulation is used. A}l
input and output is in metric units. Hourly pollutographs are computed
for three selected events., The following pages contain the input and

output for Test Data Set 3.
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