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I. INTRODUCTION

This report addresses three main areas of concern to STORM model
users. These are:

1. Collection of site-specific data for calibration

2. Model calibration

3. iModel application
The recommendations presented here are based on the writer's experfence
in applications on several studies conducted at the Hydrologic Engineering
Center (HEC). The studies were sponsored by several Corps of Engineers

District and bDivision offices.

i II. SUMMARY
.\ |
This report provides specific information on calfbration and appli-

cation of the Storage, Treatment, Overflow Runoff Model (STORM). The STORM
model is intenced for use in simulation of the quantity and quality of
storm water runoff. In particular, the report discusses procedures for
collection of rainfall, runoff quantity and quality data. Procedures are
recommended for management of the collected data. Recommendations are
provided for use of the site-specific data in calibration of the model.
The calibrated model can then be used for two important planning components
of a storm water study. These are:

1. Prediction of wet-weather pollutographg (mass loading curves)

for use 1n a receiving water assessment model. These polluto-

graphs can include both surface runoff and dry weather flow in

~
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combined systems. Since the computations are based on land use,
the impact of land use change can be evaluated.

2. Preliminary sizing of storage and treatment facilities to
satisfy desired criteria for control of storm water runoff.

The model will analyze a matrix of combinations of storage and
treatment rates. Results include frequency information on

quantity and quality of washoff of pollutants and soil erosfon,

as well as frequency information on the quantity and quality of

storage overflows.,

/\

I1I. BACKGROUND OF THE STORM MODEL

The quantity portion of STORM was developed for the City of San
Francisco by Water Resources Engineers, Inc., (WRE) of Walnut Creek,

California. The water quality computations were added in 1973 by WRE

while under contract with the HEC. Since then, the HEC has added other
capabilities including snowmelt and land surface erosion computations and
prespecified hydrographs. Resource Analysis, Inc., of Cambridge, Massachusetts,
added the capability to simulate the quantity and quality of dry weather flow.
The HEC added the U.S. Soil Conservation Service (SCS) Curve Number Technique
for runoff computation and the SCS unit hydrograph technique. A future

version will include channel routing and combining, and a "planning level”

stream water quality module.
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IV. STORM CONCEPTS

1. General. STORM is a continuous simulation model that can be used
for prediction of the quantity and quality of storm water and dry weather
flow (domestic, commercial, industrial and pipe infiltration). The model
provides analyses that can be used to satisfy two primary (but related)
study objectives. These are (1) prediction of wet weather pollutographs
that can be used in a receiving water assessment model and (2) provide
statistical information to aid in the selection of storage capacities and
treatment rates required to achieve desired control of storm water runoff.

Wet weather pollutographs can be predicted for individual historical
events. The pollutographs consist of hourly rainfall, runoff, masses of
pollutants, and pollutant concen.rations. This information can be used
directly by a receiving water assessment model.

Another portion of the output from STORM provides statistical
information based on an analysis of the hourly precipitation record.
Statistics, such as average annual runoff, average annual washoff of each
pollutant, average annual overflow from storage, and average annual pollutant

overflow from storage, are provided. This information can be used to aid the

selection of storage capacities and treatment rates required to achieve
desired control of storm water runoff.
r Runoff quantity can be computed by one of three methods, the

coefficient method, the SCS curve number technique or a combination of the

two. In the coefficient method, average annual runoff coefficients for the

b pervious and impervious areas of the watershed are specified, and subsequently,




weighted according to the total fraction of impervious area in the watershed
so as to obtain a single composite runoff coefficient. This coefficient is
then used for each rainfali event in the precipitation record to calculate
runoff excess above depression storage regardless of rainfall or sotil
characteristics. This method may not produce accurate or properly shaped
hydrographs for individual rain events, but, when calibrated, may produce
sufficiently accurate volumes of runoff.

The SCS Curve Number Technique uses a simple curve to relate
accumulated runoff to accumulated ratnfall. The curve number is related
to the soil type and antecedent moisture conditions. The procedure includes
use of an initial abstraction (depression storage) variable vhich must be
exceeded before any runoff can occur for a given storm. Thereafter, the
program operates on the curve for determination of runoff. The curve
approaches a 45 degree slopé, i.e., near zero incremental infiltration
would occur at the end of a very large storm. Since STORM is a continuous
simulation model, only initial curve numbers (for each land use) are
required. The model computes the soil moisture storage capacity at the
beginning of each storm in the record based on recovery of soil moisture
capacity, initial abstraction and percolation during dry periods. The
curve number is expressed in terms of inches of soil moisture storage for
input to the model and for computations.

The combination method uses the SCS method en pervious areas and
the coefficient method on impervious areas of the watershed.

Storm water quality is computed by using an exponential washoff

equation. The equation relates the mass of pollutants washed off during

. .
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each hour to the current mass of pollutants on the watershed, the runoff
rate, and an exponent governing the rate of pollutant washoff.

There are two methods by which the pollutant accumulation may be
simulated. In the dust and dirt method, the mass of each pollutant on the
watershed is computed as a fraction of the net accumulated dust and dirt on
each land use at the beginning of each period of rainfall. The dust and
dirt accumulates at a linear rate for each land use during dry hours.
Calibration of this method involves adjustment of the dust and dirt
accumulation rates, the pollutant fractions of the dust and dirt, and the
washoff coefficient so that the predicted pollutant concentrations most
nearly match those from measured data. In the daily pollutant buildup
method, the mass of each pollutant is computed by a poliutant accumulation
rate for each constituent ir terms of pounds/acre/day for each land use.
The pollutants build up linearly during dry hours. Calibration of this
method involves adjustment of the daily pollutant accumulation rates and
the washoff exponent.

Tne overall model operation invnlves the interaction of 8 main
processes. These are: precipitation, runoff, pollutant accumulation,
pollutant washoff, dry weather flow, storage, treatment, and overflow.

The program computes runoff from rainfall or rainfall plus snowmelt and
the associated pollutant washoff. Runoff in excess of the specified
treatment rate is diverted into storage for subsequent treatment. Runoff

in excess of both the treatment rate and storage capacity {s considered

overflow and is diverted directly into the receiving waters. The program

proviues considerable information on the frequency, quantity and quality

e —————




of overflows. Figure 1 shows a schematic representation of the major
processes modeled by STORM.

The reader is referred to the STORM user's manual (Reference 2) for
details of the program operation, input data description, and samples of
input and output.

2. Limitations. STORM has several limitations associated with the
manner in which calculations are made and the nature of certain input
variables. The model uses lumped parameter hydrologic techniques for
computing precipitation excess and defining subbasin runoff. Empirical
teciniques are used for computing pollutant washoff and land surface erosion
and normally require calibration using site-specific data for the study
watershed.

Another limitation is the one hour computation interval. The main
reasons that STURM uses a one hour computation interval are that continuous
hourly precipitation records are usually available on magnetic tape for
most locations and the one hour interval is probably the lower limit in
terms of manageability of data for a continuous analysis and computer
processing time. The one hour interval affects the Tower 1imit of size of
subbasins that may be modeled. One should not expect STORM to produce
properly shaped hydrographs for subbasins having times of concentrations
less than one hour. In most planning studies, however, the one hour
interval should not represent a limitation since the subbasin sizes are

normmally large enough to have times of concentrations greater than one hour.
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V. INPUT DATA REQUIREMENTS

1. Summary. The following is a summary of input data required by
the major program options. Chapter VI presents detailed information on
collection and management of the required data for calibration.

bata Source

1. Hydrological Data

Hourly precipitation U.S. National Weather Service
Evaporation U.S. National Weather Service

a. Coefficient Method

Uepression Storage ' Hydrologists

Runoff coefficient for
pervious areas | Analysis of historical rainfall-
runoff records

Runoff coefficient for
impervious areas

-———

b. SCS_Method

Maximum soil moisture ~— |
retention capacity

Maximum initial abstraction

capacity *
Maximum soil infiltration
rate
Technical . 1iterature supplemented
Starting soil moisture - — by advice from local SCS
hydrologists

Starting initial
abstraction capacity

Unit hydrograph peak rate
factor

Time of concentration _




vata Source
i c. Snownelt (degree-day method)

Melt temperature threshold |

3

Starting snowpack water

equivalent — Hydrologists
Melt rate coefficient ]
Average daily or max and U.S. National Weather Service

min dafly temperature
2. Land Use-Related Data

Area of watershed Topographic maps
Percent of watershed in each Land use maps i
land use
*Percent imperviousness for Aerial photographs or field '
each land use surveys :
*Street gutter density City street maps
*Street sweeping interval City Department of Public Works

for each land use

3. MWater Quality-Related Data

a. Surface Pollutant Data

*Dust and dirt accumulation Street sweeping program
rate for each land use

*Pollutant fractions of the

dust and dirt (fractions

of suspended solids, Lab analysis of the dust and dirt
settleable solids, BOD,

total nitrogen, total

orthophosphate and total

coliform

Pollutant accumulation rates Field sampling program
b. Storm Runoff Data

Concentrations of above
pollutants in storm runoff Field sampling program
for several stomms
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bata Source

c. Dry Weather Flow

Population is the minimum data

requirement, but several options

are available for computing the

characteristics of dry weather

flow. The options require City Department of Public Works
certain data on quantity and

quality of domestic, industrial,

commercial, and pipe

infiltration flows

Soil Erosion (Universal Soil Loss

Equation)

Soil classifications for all soils Soil maps
in the watershed (including slope)

Soil erodibility factors for each SCS sofl scientists
soil type

Ratio of maximum hourly rainfall
intensity to the maximum 30 minute Technical literature
intensity

Overland flow erosion distance SCS sotl sclentists
Ground cover factors SCS sofl scientists
Erosion control factors SCS soil scientists
Sediment delivery ratios SCS geologists

Required only for dust and dirt method of pollutant accumulation




2. Discussion of Data Sources and Input Variables.

a. Hydrologic Data. The main block of data required by STORM

is the hourly precipitation record. The model can accomodate an unlimited
amount of hourly precipitation data. A separate gage may be used for each
subwatershed. lNormally, ten to twenty years of data will contain adequate
statistical representation of a given subwatershed. Several gages may have
to be used in a study of a large area where rainfall pattems are known to
have spatial variation. Since an individual gage record represents point
rainfall, the rainfall reéord may have to be corrected so as to represent
basin average precipitation. A single coefficient 1s available in the
program for correcting the rain record. If the single correction coefficient
is not judged to be adequate, :he user can develop his own basin average
precipitation record to be input to the model. Precipitation data are
available on magnetic tape, from the U.S. National Weather Service (Format
No. 488) for stations in the U.S. Otherwise, the hourly data must be '
punched on cards in the format for STORM. ﬁ

There will often be situations that existed which caused the rain |
gage to be inoperative for a few hours to a few days. This condition is
“flagged" by a special character on the tape in the hours that it occurred.
In addition, a value will be found at the end of the sequence of "flagged"
hours that represents the total precipitation that occurred during the gage
fajlure. These situations must be corrected. Not only would it be incorrect
to allow a large amount of precipitation to remain in one hour, but also the

special characters would not be accepted by the program format under which

the rainfall data is read. The rain data must also be placed in the format

N
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described in the users manual. The HEC has developed a preprocessor
program wnich will read the original tape, correct the gage failures by
distributing the precipitation evenly among the hours, reformat the data,
and place the data in a disc-storage location. This allows it to be called
up quickly without having to go back to the origénal tape.

vepression storage (initfal abstraction) is expressed in terms of
incnes of water depth over the entire watershed for the coefficient method
(each land use for the SCS method). It is assumed to represent the sum of
the amount of storage available in small depressions in the land surface,
the amount intercepted by vegetative cover, and the amount of infiltration
that occurs during the time when depression storage is being filled.

The runoff coefficients in the coefficient method are very important
parameters since they govern the quantity of runoff (and the quantity
governs the quality of runoff). The values should represent average yearly
fractions of rainfall (in excess of depression storage) that runs off the
watersied. In the coefficient method, the impervious area runoff rate is
used to “drive” the pollutant washoff equations.

The variables required for the SCS runoff method are used for continuous
soil moisture accounting. A1l are important since they govern the manner
in which precipitation losses are computed. Assistance in selection of the
magnitude of these variables for a given watershed can be found in References
3 and 4. The most important variables (SMAX, DEPR, RATEIN, and PERCMX) can
normally be obtained from SCS soil survey reports.

The snowmelt option requires four easily obtainable variables: air

temperature, melt temperature, melt rate coefficient and starting snow pack

12
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water equivalent. The program compares each day's average temperature with
the temperature threshold in order to decide whether precipitation falling

on that day is rain or snow. If it is snow, it goes into the pack where it
remains uﬁtil a day occurs having a mean temperature above the threshold.
Melt is then computed by applying the melt rate coefficient to the difference
between the mean temperature and the threshold temperature.

b. Land Use-Related Data. The land use-related data make up the
second main category of input. The land use data are usually available from
local planning agencies. In the San Francisco study (Reference 5), a
computerized system was implemented whereby the land use for each subbasin
in the study is produced by a program which searches a magnetic tape of
digitized land use information gathered by a satellite (LANDSAT). This
technique should greatly simplify the process of obtaining existing land
use for a storm water runoff study.

The percentage impervious area is an important variable in the
coefficient method of computing runoff. A distinction is to be made between
gross impervious area and connected impervious area. The latter is the
variable that should be used in the model since it is most highly correlated
with immediate runoff quantity and quality. An example of connected
impervious areas would be direct connection of a rooftop, driveway and
gutter to a storm sewer pipe system. Impervious areas which drain onto
pervious areas should not be included in this variable. Instead, the
runoff coefficient for the pervious areas should be increased to account
for the additional runoff due to non-connected impervious area. If gross

impervious area is available from techniques which use remotely sensed

13




information, it would be desirable to develop a correlation between
connected and gross impervious area by field studies.

c. MWater Quality-Related Data. The surface pollutant data required
are dependent on the option chosen for pollutant accumulation. The first
option (IPACUM=1) is intended for use in an urbanized watershed where the
majority of pollutants can be assumed to come from street accumulation of
dust and dirt. This option requires a dust and dirt accumulation rate for
each land use, as well as pollutant fractions of the dust and dirt. The
second option (IPACUM=2) requires only a pollutant accumulation rate for
each land use. It is intended to be used in areas where a significant
portion of the pollutant discharge comes from sources other than streets.

An example would be a basin composed of both urban and nonurban land uses
or a totally nonurban basin. This option could also be used on an entirely
urban area since the dust and dirt accumulation rate and pollutant fractions
can be converted to pollutant accumulation rates.

The second option for surface pollutant accumulation does not require
the collection of street contaminant data. This option relies entirely on
using storm runoff data to compute annual pollutant discharges which are
used to obtain short term accumulation rates. The advantages of this option
are that it does not require street contaminant data and it can be used
where the street surfaces are not believed to be the major contributor of
pollutants. Its disadvantage is that a larger amount of storm runoff data
must be collected.

Storm runoff data are important for calibration of the model. The

data are required to estimate the pollutograph for individual runoff events,

14




as well as the annual discharge of a given pollutant. This topic will be
covered in detail in Chapter VI.

Four options are available for computing the quantity and quality of
dry weather flow. The optéons range from simply specifying the total
populatéon for the watershed to inputting the hourly variation of the quantity
(as well as quality) of the dry weather flow.

d. Soil Erosion Data. Input data for the land surface erosion comes
from several sources. The soil type is normally available from soil maps.
The program will allow use of a representative sample of watershed area to
avoid repetitious manual coding of soil type information. The ratfo of 30
minute to hourly rainfall intensity is available from technical 1iterature
or the National Weather Service. The other variables for this option are
rather specialized in nature. Therefore, the local Soil Conservation Service
office should be consulted to provide assistance in selecting the magnitude

of these variables as well as assistance in interpretation of results from

the soil erosion analysis.
The land surface erosion option is to be used only for sediment
production studies. Sediment loads calculated by this option are not added

to the suspended or settleable solids loads and therefore are not reflected

in the 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 erosfon to be

reflected in the quality output.
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VI. COLLECTION ANUD MANAGEMENT OF FIELD DATA REQUIRED FOR CALIBRATION

1. Pollutant Data. The two types of data required are average annual

dust and dirt accumulation rates and the pollutant composition of the dust
and afrt. Data should be taken from representative portions of each land
use. A representative length (perhaps 100 feet) of guttered street should
be selected for study in each land use. Criteria to judge its representative-
ness could include average traffic volume, average population (or housing)
density, average age of structures, or others considered to be relevant.

The measurements should be made during a dry season. A dry day accumulation
interval should be selected (perhaps 2 weeks). The entire length (and

width) of the 100 foot section of street should be “swept". A vacuum device,
such as that used by shopping centers to clean parking lots, may be used.
Brooming or washing may have to be employed to insure that all fine material
is removed.

The first sweeping at each site cannot be used to calculate accumulation
rates since the accumulation time is unknown, although it can be analyzed for
poliutant fractions. Significant runoff cannot be tolerated during the
accumulation intervals. The field team will have to be alert to the
possibility that runoff could occur during any accumulation interval and
thus invalidate the results for that particular interval. The procedure
must then start anew, discarding the first sweeping and then sweeping again
at the end of the accumulation period.

The material collected after each accumulation period should be

screened over a 1/4 inch mesh screen. The material passing the screen




should be weighed. A sample of the material should be sent to a laboratory
for analysis of moisture content, fractions of suspended solids, settleable
solids, BOD, total nitrogen, total orthophosphate or other pollutants. At
least 6 sweepings shoudd be accomplished during the dry season. The field
operations should be coordinated with city officials so as to obtain approval
and/or assistance, such as providing traffic barricades for use during
sweeping. The above data are required for IPACUM=].

2. Storm Runoff Data. The purpose of this section is to outline

a procedure for collecting storm runoff data to calibrate STORM on a given
area. The basic premise is to collect sufficient data to adequately define
the pollutographs for the required pollutants for enough storms to estimate
the annual pollutant discharge. Figure 2 shows concentrations of two
pollutants measured during a storm runoff event. Figure 3 shows a polluto-
graph for BOD for a single event.

In order to obtain a better definition of the quality of runoff,
small portions of the study area should be selected for detailed analysis. In
this approach, a test watershed is chosen to represent each of the major
land uses in the study area. The model can then be calibrated for each
land use, thereby evaluating those coefficients which are a function of
land use. A major assumption of this approach is that results from a test
watershed will be transferrable to other areas of the same land use. The
use of test watersheds made up of more than one land use is not recommended
because one must make adjustments to the coefficients without the benefit

of knowing how they vary with land use.
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Test watersheds must be chosen with good judgement. It is important
to choose basins that are small enough to be reasonably homogeneous in
terms of hydrologic, pollutant and land use factors, and yet not so small
that their response will be too short to allow collection of adequate data.
Depending on the time of concentration, basin sizes of 5-10 square miles
should be adequate.

Basin average rainfall data are required to operate STORM. A rainfall
recorder installed within the basin is most desirable. More than one gage
may be required to measure the spatial variation of rainfall across the
basin. If more than one gage is used, the data from each applicable gage
can be used to compute basin average precipitation (by methods such as the
isohyetal or Thiessen)since STORM accepts data from only one rain gage per
subbasin. The recorder should be capable of recording as low as 10 minute
amounts of precipitation to allow short interval analysis of selected
events. It would be desirable to have several years of hourly rainfall
data. The rain gage should be installed according to procedures in
Reference 6.

Runoff quantity data are required to calibrate the runoff prediction
in the model. Water quality predictions also depend on adequate repre-
sentation of the runoff process. A streamflow stage recorder must be
installed at the outlet of each test watershed. Normally, the nearest
U.S. Geological Survey office can be employed to install and operate the
gaging stations. A reliable relationship between flow rate and stage

should be developed prior to the study. Rating the gage may take several

months depending on the runoff characteristics of the test watersheds.




If the U.S. Geological Survey cannot install and operate the gaging stations,
it should be accomplished according to procedures outlined in Reference 7.
Adequate storm water quality data are the most difficult and costly
to obtain. Ideally, all significant runoff events during one or more years
should be measured so as to obtain estimates of the average annual discharge
of selected constituents. Sampling costs usually govern the number of
storms that can be measured, therefore the researcher must be satisfied
with measurements from a small number of storms. In this case, it may be
possible to develop a relationship between pollutant discharge and runoff
intensity, number of dry days prior to the event, or other relevant varfables.
This procedure can then be used to estimate the average annual loading of a

given poliutant. In the San Francisco study (Reference 5), 1t was not

possible to choose which storms were to be monitored, a priori. Due to
the extremely erratic nature of runoff occurrences in that area, the re-
searchers had to attempt to measure each runoff event in hopes that it
would be significant.

Sampling techniques range from completely manual to completely
automatic. tach technique has met with 1imited success depending on the
procedure, equipment and rainfall-runoff characteristics of the test water-
sheds. In the manual approach, the field team must rely upon weather
forecasts to prepare for sampling an event. At the onset of precipitation,
the team must be immediately dispatched to the sampling site. Sampling must

begin immediately so as to obtain measurements that represent the "first

flusn” or initial washoff phenomenon. Sampling must continue at frequent

intervals (say 15 minutes) until the peak is reached since the majority




of the nass of pollutants are assumed to be washed off during this period.
When the nydrograph peak is reached (this may be difficult to recognize
since many storms produce multi-peaked hydrographs) the sampling frequency
can be reduced (to say, 1 hour).

The opposite extreme 1s using a fully automated approach. Equipment
is available to pump many samples from the stream into separate sample
bottles at specified intervals, usually 5-60 minutes. Some devices, such
as that used by Florida Institute of Technoldgy, (Reference 8) can
refrigerate tne samples for up to 48 hours to preserve the samples before
they are retrieved by the field crew. These devices can be programmed to
begin sampling at a significant rise in stage, and some will sample at
preset increments of either time or stage. Most automatic sampling
equipment that has been used is of the type that commences and samples
automatically, but relies upon a field crew to retrieve the samples within
1-2 hours.

The automatic sampling technique has had varied success in stom
water applications. The équipment seems to be prone to mechanical failure.
Runoff is intermittent requiring that the equipment lie idie for some time
and yet function properly at the beginning of a runoff event. The situation
is compounded by the nature of storm water. The flow rate is extremely
variable, and the water is often laden with debris which causes clogging
of suction lines or pumps. In the San Francisco Study (Reference 5),
automatic sampling at the Castro Valley watershed was discontinued in 1973
because of mechanical failure and clogging. Since then, the field team

has relied upon reaching the sampling site within 30 minutes after runoff
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-begins. Part of the initial runoff was sacrificed in order to insure that
samples were collected throughout the runoff event. However, in the Strong
Ranch watershed, the automatic equipment was retained since the site is
within walking distance of the field office, and a technician was able to
insure that the equipment would begin sampling at the correct time and
continue sampling throughout the event.

Sampling must be accomplished so as to provide enough data points
to adequately define the pollutographs for each selected constituent.

The pollutographs are integrated to determine the total discharge of
pollutants by each measured event. Sampling frequency and total duration
of sampling are important factors in defining the pollutographs. A rule
of thumb is that 4-6 points should be defined on the rising limb of the
hydrograph and 2-4 on the descending 1imb. If 6 points on the rising limb
are chosen, the sampling frequency should be approximately 1/6 the average
time to peak for the basin. When using automatic equipment, more samples
than this can easily be collected. Figure3 shows a good distribution of
sampling points throughout a pollutograph.

Regardless of the sampling method, the samples must be handled
properly. The sample bottles should be placed in a mixture of ice and water
as soon as possible after collection. This is particularly important for
samples that will be analyzed for biological parameters such as BOD. These
samples should be analyzed within 24 hours. Most physical and chemical
constituents can be analyzed later. Laboratory analysis should be performed

according to Standard Methods for Examination of Wastewater (Reference 9).
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Since the present version of STORM predicts 6 parameters (suspended
solids, settleable solids, 5-day BOD, total nitrogen, total orthophosphate,
and total coliform bacteria) it is imperative that tests be made for these.
Certain other parameters such as pH, alkalinity, dissolved oxygen and total
dissolved solids should also be measured regularly. Other parameters such
as heavy metals, COD, oil and grease, fecal coliforms, herbicides and
pesticides can also be measured if time and funds permit. It may be
possible to predict these additional parameters by adjusting the coefficients
and equatdons in STORM used for the other constituents. If the parameters
cannot be related to the dust and dirt, sufficient data must be collected
to establish a functional relationship between the washoff of that pollutant
and measurable parameters such as rurnoff intensity, number of dry days
between events, traffic volume or other independent variables. The maximum
number of pollutants predicted during any run cannot exceed 6.

Efficient data handling can greatly simplify a storm water study.
Since data are to be taken from 3 main sources, (rainfall, runoff quantity
and runoff quality) it is imperative that data coordination be handled by
a single informed entity. For example, pollutant concentrations are not
very meaningful in themselves, but must be viewed together with flow rate
and time. Data can most efficiently be analyzed by placing them on cards
so that analysis and plotting of data and results can be handled by
computer. The HEC has developed a format for these cards which include
precipitation, flow, and concentration data. The format is shown in
Figure 4. An example of output from a pollutograph computation and plotting
routéne developed by HEC is shown in Figure 5.

24

S




' o~ " A e - - ‘ .~

* 1f the interval
*% A1l names are left justified.|

is even (as for Prec * 0), insert a-'l1", otherwise, leave .nrn column blank.

i - -

TTalsTalslelrTaTo Tclu 2Tz iaTaTielirl el Taclzi fz2l2slee]zslze 2 7TeelzsTacl s [s2] a3 Tl saeefs7TeelasTact o _ﬂru—...r sleclarieclastso s L2lsslsalsslselsriselsslecl e fe2le sledezlce

reslsslraridrzlrs

ralrsizelr i

25

i 2)8 ocz.n: DATA CARD 35& .
1:1a)s]e]s]s]r]e]s]0]u]e .u_..__a_.%%F.&&n.vu_ﬂhu.w&:_m-w.w&um?_F?«Hu._-o_«o???_.m_.._.NT&:T«T.T‘L.}&u_r%&iiunvq_u-_mi-._olz.%iarg_tk%m—-__i-r:.l toglrd-g’
[ 3 & o
S AN
e L3 [T
o |- R -
w § |~2
g £ ;|8 . oo — =
;.....ut LRES
8 = X w O
AR e
Bow
B ATETE
g s | 5w
3 = v |z 8
m _* Maximum number of plots is 5"
1IN0 000N INONOCHNDCOESREDNIDOE SHET INDE :—.&.mﬂ.__.&.%{&w @ I05Z anae L L ITUE DT RDDE DDIER 2Dk
m. - I 71 GO (R S 7 S “ *Scale Factor Max muamm <hw=o *Scale Factor Max Sa mple Value
o o 4
°F m % § | % [fl set up for w.0f 1 S T 50,000
- | B 2. | B2l 2 Parameters C,D,) 2 20 9. 100,000
m < 9 c|l = m o & o and E M
: s a o= z ) 3 50 10 1.0
8 % . ) - * B v |9 : i - S
Ele’l 2 ls]| Sl 3 Qlo-=-->f-> 4 L e L T
<14 m = .mj g-ple| =g g same as for 5 : s00 12 0.01 g
E 2 | % 8 w m R Parameter A ' & ) y <
M e wd R o] 3] & "W e 1000 13 ) 0.001 2
PR RS R :
“1<c| g = e | B 9. 7 - 2000 14 0.0001
o nn =z e = =21 & | : .
= .
dz3Tes]s[7[e]2 [o] n [2]is]ra]s[is[r]i0]io]2c[as]z2fas]a« 2z]26]27]20]25]30] 31 [s2]s3]s3s]se]s7{sa]s9]ac]ara2a3[a4[as ac 7]z e]s5 5c) 5: [s2 uuW.Tu_umTq_uu_uu sofe [s2[e3[ca[ssfes]s7[eefes[ro] mi[r2]r o] ralrafrefrr] >
‘. ”~~ ~ - ”~~
— ~ e
A A A )
3 ) . o . o Prec (N) for/ Q@ (N)
‘ ) ’ - - ~. ~ - T
Z ‘m : .m m 5 5 o :
= z & Q /.l, '/l....'.l‘ .i»nulv S el -l S emdlwliieen Sl o
“ & &0 & P Pay N =S [ U R
5 ] * & 5 c o (o) - -
-
S8 % BEYls Eg.E B | 2 g [ 3 | .
o . .
Bd L& PR3 L |EHEY & 3 £ £ IR ,
a . .

aoaa




[ealss]ro}nijralralralre]melrsl e

12} 3]e]s] 6] 10 ls]0)u]ahs]ia]is|w]rr]ia]ifaclailaa]2s]aeles]2c]arj20l2e]30] 31 32]33}3a)38]36]57] 38} 20 ]act a1]a2fa3]ea]es .LQTT&S_u._uu_uu_«._uu_ukulq_u-_u-_amaPﬁ&l&_oo
d « ) ) ce vees - —_ -4
*e [} o
. 4 3 rd - 3
m = £ § : A g
; § 3 @ Cl A 3 s | @
£L M._. a. W T T T T T U - |c0..l( - nmr ['Y]
m ﬂ m ,O ~ m. _ ° ~ m n.bl o -9 \.M
3 = ] .“ -1 ] @ = o0 @~ (7] ¢ ~
5 Q ~ O~ - v m . © m
[ [ 3. W - m [0 a3 m L 3 i 3
o- - VIR I Hg}- - - - LoX - o - - QU SR - S -8l o - i)
c— B -1 W |G .nﬁ g - @ - [ € g - -
] (=4 L] e > ‘ . g [-] B8 o0
8 KBlZ| £ |8488 = £ g | # g - £ u 3
* If the "interval is even (as for Prec & Q), insert a "1", otherwise, leave the column E.D_.L. -
. k& All W.Q. vun!,-nnon. names are left u:mm»m»mm. | _
"1 —u—uu.-uﬂoﬁ-uo—&ﬂm__ mﬁ—&..m.u_ag_.— o_~o_.~.wﬁzm?wuwowqw-To_uﬁu__uﬁuu_u»ﬂu_u&uAum. s[ec]efedasfadcslccfrenzsTe I 5 Is2fss[e J53]s6]s 7lse & sleo] 61 fe o e afesfecfs 7 enfeslrd v  [ra]rafrefs] 67> -

Figure 4 (Eon't)
26

' S Je3eIsIs |7 [s] 2 [0l n]]s]ie]is|w]ir[s6]i0]20] 21 [22]23[24]22 26]27[20]29]30] > [s2]ssrJesfses7re]sofact sifecfa2]aafasfeelarTeelzsTec s fs2fss[salss]se[s fselsele o] 6 [e2]exeafesles e 7 [esfesro mi[r[7ara s o]

s .

m . . -

B e

BLEE10) B3 0 5 O 03 03 3 3 I £ O 3 2 25 ) 5 3 7 T 7 £ ) )£ 73 i Y7 = P9 7 P 7P 7 P P o169 P 7 T 3 9 7 40 2 5 P 7 e o o = 1 o o o

A.‘A_r_‘l;.




MG-/L DOR CFS OR INCHES

10

- BOD X 2.5X10*
o COD X 2.5%10*
o TOC X 2.5X10*
-~ DD X 2.5%X10°*

2 DEC 1971

CASTRO VALLEY CREEK

Figure 5
27




The data can also be submitted to the Environmental Protection Agency
for placing in their STORET system for storage and retrieval of water quality
aata. This makes the data available to anyone in the U.S. who has access to
the system. Certain plotting and statistical analysis capabilities are
available during an interrogation of the system. The procedures for accessing
the STORET system are outlined in Reference 10. An example of data from a
STORET retrieval is shown in Table 1.

VII. MODEL CALIBRATION

1. Introduction. Calibration can be characterized as a "min{
application”. Since the model must be applied to the calibration watersheds,
all those variables required for a normal application must be assembled for
use in calibration. The procedure entails assemblage of observed data
(rainfall, runoff and quality) and land use data followed by successive
applications of the model to the test watersheds until the model is
satisfactorily calibrated for the study area.

2. Quantity. Model calibration cannot commence until certain data
are prepared for input to the model and observed data organized so as to
compare with computed results.

Precipitation data must be extracted from recorder charts. These
charts usually contain traces which represent accumulated precipitation.

The value at the end of each hour can be tabulated. The incremental amounts
are found by subtracting the preceding value from each hour's accumulated
total. The hourly precipitation must then be coded in the format described

in the users manual (Reference 2).
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The next step is assembling the runoff quantity data. If the U.S.
Geological Survey handles the streamflow gaging, the data will nomally be
furnished in the form of rean daily discharges plus selected individual
storm hydrographs. Monthly and annual runoff amounts are also furnished.
Because processing and publishing the flow of data often takes several
months, sufficient time must be allowed for this item. If the stream gaging
is handled “in-house", the stage recorder charts must be converted to flow
rates by use of the rating curve (previously established) for each individual
gaging station. The hydrographs are then integrated so as to produce
statistics such as individual hydrograph runoff volumes, monthly runoff
volumes, and annual volumes.

The quantity calibration involves adjustment of certain coefficients

which regulate the volume and timing of runoff. In the coefficient method,

the first factor to adjust is the runoff coefficient for the pervious areas
of the watershed (CPERV) so that the observed and computed magnitudes of
total period runoff volume, annual volume and monthly volume show fair
agreement. Since the coefficient method is a very crude model of the urban
runoff proéess, it may not be meaningful to compare individual event volumes.
Other variables that can be adjusted, although to a lesser extent, are the
runoff coefficient for the impervious areas (CIMP) and the initial abstraction
(DEPRS). |

The SCS runoff method should produce more accurate magnitudes of
runoff excesses. Therefore, when using this method, one should not only
produce more accurate total period, annual, and monthly volumes of runoff,

but also more accurate individual hydrograph volumes.




The unit hydrograph procedure should increase the accuracy of the
timing and shape of the individual hydrographs. Table 2 shows the result
of preliminary sensitivity tests using the SCS methods.

3. yuality. Runoff quality data must also be assembled. A tabular
listing should be made of the date, time and concentrations in mg/1 for the
6 parameters predicted by STORM (coliforms in 1000 MPN/1). Table 1 shows
such a listing. Pollutographs for each parameter should be computed by
multiplying the concentrations by the water discharge rate at the time of
measurement. The values should be converted to lbs/hr. The pollutographs
should be integrated so as to obtain the total pollutant discharge for each
runoff event.

Results from the streat sweeping program must be expressed in
appropriate units for input to the model. The dust and dirt collected
at the end of each accumulation interval should be divided by the interval,
averaged, and expressed on a dry weight basis for each land use (1bs/100 ft.
gutter/day). The constituents of the dust and dirt should be expressed in
terms of average pounds of pollutant per 100 pounds of dust and dirt for
each land use. This will provide the data for use of pollutant accumulation
method number 1 (IPACUM=1).

If street sweeping data are not available or if the streets are not
believed to be the major source of pollutants, the second method for
pollutant accumulation must be used (IPACUM=2). This method relies upon
the stormwater runoff data alone to establish the accumulation rate for
each poliutant. Several assumptions must be made in order to express the

pollutant accumulation rates in terms of pounds/acre/day. The first, and
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observed L = 1ittle effect, M = moderate effect,
~ s H = high effect

Lo I = increases runoff, D = decreases runoff
-------- or slope of line or slope of line

N/C = no significant change

. Effects on
Increase These Variables| Low flows | High flows | Slope Y intercept
CPERV MI MI H/C D
Coefficient
CIMP MI M1 N/C D
Me thod
JEPRS MD MD N/C I
EERC LI MI ] 2/
EPRC LI MI D 2/
: DCPR LD MD I 2/
i
_ ACTIA !/ muy I 2/
S¢S 7 1/
SACT Lu-~ LD~ D 1
Method
SMAX MU MD 1 I
RATEIW L LD n/C I
PERCMX LD HD I 2/
RECVRT LD MO I 2/
Method 2
to HE MI D 2/
Method 3

1/ Unly affects first months

2/ Uepends on whether slope rotation changes as fast as translation

Table 2
STORM Sensitivity Tests (runoff gquantity)
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probably the most significant, {s that the annual mass discharge of a given
pollutant can be estimated by measurement of the mass discharges for several
selected events and extrapolation to an entire year. The extrapolated can
be done by correlation with relevant washoff variables such as water runoff
volume and rates. The second assumption is that the daily accumulation rate
can be estimated by dividing the total annual mass discharge by the average
number of dry days per year.

It is recognized that the accumulation rates must vary seasonably.
However, no data are available to quantify this variability. Therefore,
one must proceed with a single linear daily accumulation rate. A third
assumption is that the net change 1in annual mass discharge of pollutants
is negligible.

The state-of-the-art in urban storm water quality modeling precludes
highly accurate simulation of pollutographs. However, the quality aspects
of STORM must be calibrated so as to produce results as accurate as possible.

It may not be possible to reproduce the time value of concentrations in

O EREIRT R

which case the emphasis should be placed on reproducing the mean concentration
and the total mass of pollutants washed off by the observed events.
Quality calibration can commence only after an adequate quantity
calibration has been completed. An initial trial can be made using the
suggested values for pollutant accumulation (1bs/100 ft gutter/day or
1bs/acre/day). The event numbers to be studied in detail can be taken
from this initial run and a preliminary inspection of the extent of
agreement between observed and computed data can be made. Comparisons

should be made first with observed and computed pollutant concentrations
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(displayed in the pollutograph analysis for the selected observed events).
The primary coefficients to be adjusted are the pollutant accumnulation
rates and the washoff exponent, the latter being a coefficient which governs
the rate of washoff of each pollutant. In the dust and dirt method, the
dust and dirt accumulation rate for each land use can be adjusted first
depending on whether all pollutant concentratéons are too low or too high.
Once the concentrations are nearly correct, the pollutant factors of the
dust and dirt can be adjusted. (Ideally, the model should be calibrated
on single land use basins, as recommended earlier.) The washoff exponent
can also be adjusted if the data show a different change in concentration
with time during each event. (A higher exponent will produce a higher rate
of washoff.) In the daily pollutant accumulation method, the accumulation
rates for each pollutant and the washoff exponent are adjusted until fair
agreement exists between the measured and computed data. After agreement
in concentrations is accomplished, one should compare the total mass of

each pollutant washed off with the computed values for the selected events.




IX. MOUEL APPLICATION

1. General. This section presumes that STORM has been properly
calibrated on the test watersheds (both quantity and quality). The
remaining tasks involve application to the entire study area.

The first step in an application is to delineate the entire study
area on a map. A good scale to use is the 1:24,000 size of the U.S.
Geological Survey. The study should be outlined by drainage areas. The
study area must be subdivided (by drainage, again) for application of the
nodel. The subdivision is required to generate loadings at correct locations
along the receiving stream, and for routing flows. A usable number of
subbasins is 25-30 since a data deck must be prepared to each subbasin.
Since the program has the capability to do several subbasins in one run,
it is recommended that the receiving stream be subdivided into a number of
subreaches, say, 4-5. The loading points for each reach can be run at the
same time. If computational or storage capability is not available to run
several subbasins at a time, they may be individually run. In either case
the STORM output is stored on tape/disk for later input to a receiving
water assessment model.

If rainfall gage locations other than those used in the calibration
phase are to be used, that data must be assembled for use in the application.
The rain data can usually be obtained on magnetic tape from the National
Weather Service in Asheville, North Carolina. Some editing of the data
supplied on tape may be required, as discussed in Chapter V. Once the

point rainfall data have been satisfactorily edited, reformatted, and
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L placed in a usable storage location, a decision must be made in regard to
which gages to assoctate with the various subbasins. The proximity of the
centroid of the basin to the rain station is probably the major consideration.
‘ A decision must also be made as to whether to use the point rainfall or to
i estimate subbasin average precipitation. STORM has the capability of
multiplying each hour's precipitation amount by a constant (specified by
the user) for use in situations where this is deemed adequate.

The next major block of required input data is the land use information.
2 Land uses are specified in terms of the percentage of each in the subbasin.
» In the Oconee River Study (Reference 11), the land use percentages were
calculated from a computer-stored data file of basin land use delineated on
a 1.5 acre grid cell basis. STORM was modified to retrieve this information

directly from tape/disk. This avoided the expense of time and funds for
placing the land use information on cards for use by STORM.

2. Pollutographs. Assuming that the model has been calibrated on

single land use basins, the application becomes a matter of inputting
those factors which are a function of land use for each land use represented
in each subbasin. A separate set of E-T cards are to be punched for each
subbasin. The subbasins can be identified by number and river mile along
the receiving stream where the subbasin is assumed to empty. The
subbasin cards can be grouped in reaches and those reaches run in a single
pass.

In studies where the effects of storm water runoff on the recefving )
waters are assessed, it has been conventional to study a "critical" period

of in-stream water quality. The criteria for selection of this critical
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period are somewhat indefinite but include warm weather and low flow
conditions. The effects of several historical storm water runoff events
on the receiving water are usually studied. This procedure was followed
in the St. Louis (Reference 12), Atlanta (Reference 13) and Oconee studies
(Reference 13).

The STORM model is then used to predict the wet weather storm water
runoff pollutographs for the events during the critical period. (It will
normally be required to use about 5 years of precipitation data in STORM
prior to the selected events so that the effects of initial conditions can
be neglected.) The current version of STORM will print the hourly polluto-
graph for each selected event (maximum = 20) although it gives a one line
sunmary of each event that oc.urred during the period of simulation. It
will normally be convenient to modify the program slightly so as to punch
the pollutographs directly on cards or place them on t&pe/disk. This allows
the pollutographs to be used directly by the receiving water assessment
model without any intermediate aata manipulations by the user. A future
version of STURM will contain a simple in-stream water quality assessment
wodule, as well as a module to route and combine flows and quality from
subbasins.

3. Storage-Treatment Rate Analysis. STORM has a great deal of

potential for providing information which could assist in the preliminary
sizing of storage volumes and treatment rates to achieve desired control

of storm water runoff. If treatment of the stored water is not envisioned,
the treatment rate could be equated to a pumping rate so that the model

could be used to study a flood control reservoir with a constant release
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rate. Minor modifications to the model would allow the release rate to be
made a function of the head on the conduit since a variable release rate
is more advantageous for optimum flood control operation. These options
will be available in a future version.

If values for both storage and treatment are specified, the model
will analyze the system's response to the continuous record of runoff
hydrographs. The runoff amounts are computed by simulation of the rainfall-
runoff process as discussed earlier. Part of the purpose for a continuous
analysis involves the interaction of successive runoff events. From a flood
control standpoint, it would be most advantageous to have the reservoir in
an empty state at the beginning of each runoff event. This is often not
possible from a practical standpoint and because of the random occurrences
of storms. Obviously, if the reservoir is partly full from a prior storm,
it will be less effective in capturing all of a subsequent runoff event.

STORM provides ini>rmation on the characteristics of the stored
runoff such as the time storage began, time of spill (or maximum storage),
hours to empty, hours between ase of storage, to name a few. Statistics
are also presented on the utilization of storage. These include the average
storage at each hour of each event, the average annual number of hours each
hundredth of an inch of storage was utilized. These two statistics are
used to compute a normalized storage utilization curve which depicts the
percent of time that the water in storage was less than or equal to a
given percentage of the maximum storage.

Figure 6 shows an example of the normalized storage utilization

curve. It gives a quick visual measure of the relative efficiency of the
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selected storage volume and treatment rate. It gives an estimate of the
response of the storage/treatment combination to the continuous sequence
of runoff hydrographs. Referring to Figure 6, one can see that the
combination represented by the dashed 1ine is not an efficient combination
since, for example, 80% of the time only about 20% of the storage was
utilized. Since the reservoir level would be in the lower 1/5 of the
storage 80% of the time, we would conclude that either the treatment rate
or the maximum storage capacity is too high. The decision to lower either
the storage or the treatment rate must be made in terms of the economics
of both and the criteria for overflows from storage. The solid line on
Figure 6 shows a more efficient combination of storage and treatment

rate.

The model is designed to compute statistics for a matrix of storages
and treaiment rates. Computational time is the only limiting factor on the
number of combinations that should be analyzed in a given run. The
computer run times are also proportional to the length of continuous
record to be studied. Experience in HEC has shown that computational
time is extremely sensitive to the combination of storage and treatment
rate. In fact, the computer time {is directly proportional to the storage
volume and inversely proportional to the treatment rate. The reason for
the sensitivity is that for the larger storages and smaller treatment rates,
there is less spill and the program must keep account of more water for a
Jonger period of time. The HEC has added an option in the model so that
the user may select whether or not he will compute the ages of storage
since these involve significant computer time for the high storage-low

treatment rate combinations.
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Figure 7 shows a set of quantity performance curves which were
plotted from an analysis of a matrix of storage and treatment rate combinations.
One can see that if a standard of not more than 2 inches overflow per year
was adopted, the shaded region on Figure 7 represents the variety of storage
and treatment rates that would satisfy the standard. Figure 8 shows an
analagous set of curves for quality (BOD, in this case). The shaded region ;!

represents a varifety of combinations of storages and treatment rates that

would release not more than 5000 pounds of BOD per year in overflows from
?' storage.

Another standard could be adopted where two or more criteria could
be combined such that both must be met simultaneously. For example, the
decision criteria could be:

(1) not more than 5 overflows per year, and

(2) not more than 2500 pounds of BOD overflow per year.

A family of curves relating storage, treatment rate and average annual
number of overflows can be prepared from the output from STORM. These
curves are displayed in Figure 9 where a region of less than or equal to
2500 pounds of BOD overflow per year has been shaded. It can be seen that
; point A represents the amount of storage and treatment rate which will
exactly satisfy both criteria. Point A is located at a storage of 0.39
inches and a treatment rate of 0.033 inches per hour and represents minimum
§ . requirements for both storage volume and treatment rate. The entire region
above the 5 overflow line and the 2500 pounds of BOD overflow line would

more than satisfy both criteria. A solution is then pursued which would

satisfy the criteria at minimum cost.
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Another use of the output from STORM is to analyze the percent
removal of pollutants by virtue of detainment in the storage reservoir.
The current version does not model the treatment process itself nor the
settlement and decay of pollutants while in storage. Therefore, the analysis
is based entirely on detainment of the runoff until the treatment plant can
accommodate it. Figure 10 shows an example of the percent of BOD removed
from runoff versus storage capacity. In this analysis 1t was assumed that
the treatment plant removed 90 percent of all BOD in the influent and the
BOD concentration in the overflow was the same as the influent. Therefore,
the curve becomes assymtotic to 90 percent removal as storage {s increased
and all runoff can be treated. A future version of STORM will contain
algorithms for treatment and settlement of pollutants in storage. This will
allow a more realistic appraisal of the effect of storage and treatment on
the quality and timing of runoff released to the receiving waters.

The preceding examples were only a few 11lustrations of how STORM
can be used to study the quantity and quality of storm water runoff. Many
other specialized criteria and methods can be utilized as required by the

application.
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