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EVALUATION OF URBAN STORMWATER RUNOFF QUALITY

The methods for determining the quality of stormwater were reviewed from the viewpoint of
their applicability in Poland. A simple method for calculation of pollutograms and annual load of
contaminants in stormwaters is proposed. The method is based on the statistically determinable
relationships between the runoff intensity of the contaminants and the volumetric runoff intensity
on the one hand, and the time since the beginning of runoff and duration of dry weather, on the other
one. The method of computing pollutographs in cases when only the maximum runoff intensity
can be estimated is also proposed. The identification of parameters was based on investigations
carried out in Warsaw. The analysis of experimental data from three catchment areas in the city
of Rzeszéw has proved that the volumetric runoff intensity is the parameter most important sta-
tistically affecting pollutographs.

NOTATIONS

A, B, C, D, a, n, m, ¢ — regression coefficients,

C,,,; — pollutant concentration measured at A¢#; intervals,

C'w,  — weighted average of pollutant concentration in the k-th subcatchment,
F, — total area of the k-th subcatchment,

h, — annual precipitation height,

L; — flow of the pollutants washed out at the Az interval,

Lmax — maximum flow of the mass of pollutants during a single runoff,
L, — annual pollutant load,

M  — number of At; intervals,

N — number of samples to be analyzed,

n — number of subcatchments,

Q; — rate of volumetric flow over the At intervals,

Qm, i — flow rate measured at At; intervals,

Omax — peak flow,

T — duration of the annual stormwater runoff,

T, — time elapsed from the last storm,
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t — time elapsed which passed from the beginning of runoff,
At; — sampling time,
%) — annual runoff coefficient for the k-th subcatchment,
7; — dimensionless coefficient of pollutant washed out by the stormwater runoff over the At; interval.

1. INTRODUCTION

‘So far the problem of the urban stormwater runoff quality evaluation has not been —

solved explicitly.

There are two different approaches concerning mathematical description of the storm-
water runoff concentration of pollutants and their loads. The form of mathematical des-
cription can be stated by two approaches: according to the model of accumulaticn of
a street pollutant washed outside the catchment area and transported through drainage
system or by means of experiment only, without attempting to reach mathematical gene-
ralization.

The former way leads to the method, which can be called a conceptual one, and the
latter to the statistical method. The examples of the conceptual method are the EPA Storm
water Management Model [4, 10], Cincinnati Urban Runoff Model [11], Suspended Solids
Model for Stormwater Runoff [11], and the method of evaluation of stormwater pollu-
tant concentration developed by PAIDZINSKA [9].

The application of conceptual methods requires identification of a numbei of random
parameters, such as: rate of accumulation of pollutants [4], coefficients expressing dust
and dry litter mass as the values of the given type of pollution [9], velocity of leaching of
pollutants by stormwater [11] and critical shear stress [12]. The above parameters are
determined by optimization.

Due to the complexity of the stormwater runoff, conceptual methods do not take into
account some factors, which can affect stromwater pollution loads. These factors include:
sedimentation of suspended solids in the low discharge period, scouring of deposit from
the bottom of sewers, manholes and road drain catchpits as well as the quality of infil-
tration water. Hence, each time initial assumptions should be checked. This can be done
— using a statistical criterion — by comparing the computed values of concentraticns
and loads with the experimental data. If significant errors occur, the initial assumption
should be verified and the identification procedure repeated. This involves troublesome
and expensive investigations.

Statistical methods do not require separate identification and verification, as their
accuracy has been estimated on the basis of experimental data. They may be applied if
the categories of land use of the examined and planned catchment area are similar and the
measuring range is taken into account.

In both methods hydrographs should be determined. They are computed by using
hydrological models, and the way in which the hydrographs are determined depends on
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the method of evaluation of pollutographs. If the conceptual method is used the deter-
ministic hydrological model, simulating nonsteady-state flow rate at any point of the
sewer network should be applied. If the pollutographs are determined by the statistical
method, the application of hydrological model is sufficient and easier in practice.

Generally speaking, the choice of the method is determined by their application and
practical possibilities of identification of parameters and evaluation of hydrograms. Hence,
it seems advisable to present a simple method of evaluation of the concentrations and loads
of stormwater pollutants adapted to the amount of information, usually available in preli-
minary design of the sewer system [7].

Table 1

Characteristics of the area under study

Charakterystyka badanych obszarow

Area Average slope
S R OfR Catchment
Catchment areas Land use category [ha] o A
[%]
Mixed, residential total area 300 100.0
and industrial housing estate 33 27.6
catchment in industrial establishments 119 39.8
Warsaw and warehouses 4
“A” services and municipal 36 12.0
establishments
streets 19 6.3
lawns 43 14.3
Two one-way total area 1.35 100.0
streets in asphalt roads and 0.44 32.6
Rzeszow pavements 21.4
“B” concrete roads and 0.12 8.9
pavements
lawns 0.79 58.5
Double-way total area 4.16 100.0
streets in asphalt roads and 2555 61.13
Rzeszow pavements 4.3
“C” lawns 1.61 38.70
Housing estate in total area 1.83 100.0
Rzeszow asphalt roads and 0.26 14.2
“D” pavements
concrete roads and 0.42 22.9 23.1
pavements
roofs 0.34 18.4
lawns 0.81 44.3



78 M. KALINOWSKI

2. METHODS

The investigations involved the quality and quantity of stormwater runoff from the
large residential and industrial catchment area in Warsaw and from three small catchment
areas in Rzeszow.

The three-year investigations in Warsaw and two-year ones in Rzeszdw included the
measurements of the stormwater flow intensity and the concentration of contaminants.

The stormwater flow intensity was continually recorded by means of two limnigraphs.
For chemical analysis, the runoff from the catchment area in Warsaw was sampled auto-
matically at ten-minute intervals using the Rock and Tylor apparatus. In Rzeszéw the
samples were collected by means of a specially constructed apparatus. The sampling time
varied within 5-10 min.

The characteristics of the catchment areas under study is presented in tab. 1. The con-
centration of stormwater pollutants is characterized by the following indices: total sus-
pended solids, BOD,, COD, and grease. In the Warsaw catchment area lead was also deter-
mined. The indices mentioned enable the reliable estimation of the stormwater discharge
effects on the receiving stream [2, 3].

3. ANNUAL POLLUTANT LOADS

In preliminary planning and designing of sewage systems it is necessary to determine
annual pollutant loads in order to evaluate the amount of sludge collected in the receiving
streams or in sedimentation and retention tanks.

While designing the stormwater overflows, it is necessary to estimate the total volume
of sludge collected during wet weather in a municipal wastewater treatment plant.

Information concerning the amounts of stormwater sludge is necessary in solving pro-
blems of sludge accumulation and its disposal. The annual pollutant loads can be cal-
culated from the simple formula:

Lt = 10—2/’1,.2 C-w, kykok (1)

k=1
where:

L, — annual pollutant load (kg/y),
h, — annual precipitation (mm),
éw, » — weighted average of the pollutant concentration in the k-th subcatchment
(mg/dm?),
¥, — annual runoff coefficient for the k-th subcatchment site,
F, — total area of the k-th subcatchment site (ha),
n — number of subcatchment sites.
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To determine C,, , the following equation was used:

N
3600, ; Cy, : 41;
=1

< 1 m, 1
éw, k= : N (2)
2 O, 41,
i=1
in which
0,,; — flow rate measured in At; time interval (dm?3/s),
C,, ; — pollutant concentration measured in At; time interval (mg/dm?),

At, — sampling time (min),
N — number of samples analyzed.

The third column in tab. 2 shows the values of C,, , for each of the catchment areas
studied.

Table 2
Annual average concentration
Srednie stezenia w ciagu roku
Concentration
: Number of

Calchment 1’,01"1““0“ Weighted Arithmetic o

areas IDCCACS average Cy, i mean C

[g/m?] [g/m?]

total solids 316 279 1250
AR COD 241 184 567
BODs 56 56 179
grease 32 28 42
lead 0.075 0.0043 40
total solids 1420 998 167
<22 COD 424 431 159
BOD; 35 64 158
grease 23 18 81
total solids 1703 1470 79
@ COD 453 280 70
BODs 38 49 90
total solids 442 182 142
“D” COD 128 101 142
BODs 33 39 142
grease 3 3 48

It must be emphasized that the annual runoff coefficient in equation (1) differs from
that used in rational method. According to the five-year investigations carried out in War-
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saw, the annual runoff coefficient ¥, , defined as a ratio of the annual precipitation to ‘
the annual runoff, is about 539, of the maximum instantaneous runoff coefficient for
a single runoff [4].
4. POLLUTION LOAD VERSUS RUNOFF
The relationship between the loads of the pollutants generated during 80 individual
rainfalls and volumetric flow rate (figs. 1, 2) was expressed by the pcwer functicn:
N, =A0%, i=1,2,...,. M 3
in which
7; — dimensionless coefficient of pollutant washed out by the stormwater within
the Az, time interval,
Q; — volumetric flow rate within the Az, time interval (dm?/s/ha),
A, B — empirical coefficients specified in tab. 3,
At; — time of sampling (min),
M — number of intervals A¢,.
The coefficient 7; was defined by:
F,TL,
i 4 —

T L157x10°2L,
‘where:

T — annual duration of stormwater runoff (days),

L; — pollutants load washed out within the Az time interval (g/s/ha),
1.157x 10~ — conversion factor,

Fy, L, — parameters defined in formula (1).

By combining the formulas (3) and (4) we get:

1.157 % 10—2L, #,
L= (5)
If the hydrographs, Q;, i =1,2,..., M, and other parameters are known, the above
formula can be used to determine the relationships between pollutant lcad and the runoff
water flow.
When only a model of a peak urban runoff can be used, this formula should be

simplified to the form:

1.157x10-2L, 5
L . — t max 6
ma F.T (6)
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where:

nmax = CQ

max?>

Omax — Deak flow occurring after the period of dry weather not shorter than 24 h

(dm?/s/ha),

C,D — regression coefficients specified in tab. 4.
Tables 3 and 4 show a good agreement between experimental data and regression

functions.
Table 3
Empirical coefficients and the fitness of the formula 7; = AQ{; *
Wspblczynniki empiryczne i stopien dopasowania do danych pomiarowych formuly 7; = AQZB
Time since . . Empirical coefficients
the last T}’]me Sm(;; Determination Standard
runoff Wi B coefficient deviation
termination S A B r? [%]
[h] [h]
Suspended solids
0<r<1 1.3079 1.4681 0.94 (p > 0.001) 8.7
0<Ty<24 1<it<?2 0.8448 1.4034 0.92 (p > 0.001) 9.2
(25 22 0.5206 1.2789 0.96 (p > 0.001) 8.1
0<t<1 2.6036 1.5995 0.88 (p > 0.01) 9.0
Ty> 24 e 1.6193 1.4759 0.92(p > 0.001) 7.4
t>2 0.9781 1.5033 0.96 (p > 0.001) 8.1
COD
0<t<1 1.4311 1.3432 0.94 (p > 0.001) 11.8
0<Ty<24 1<1<2 1.1878 1.4148 0.96 (p > 0.001) 10.4
t>2 0.9407 1:2557 0.96 (p = 0.001) 10.9
0<tr<l1 2.7520 1.3528 0.96 (p > 0.001) 4.2
T;> 24 1= e 2 1.9005 1.2572 0.92(p > 0.01) 5.6
=2 1.4728 1.2857 0.94 (p > 0.001) 10.8
BOD5
T>0 0<r<1 1.8333 1.1572 0.83.(p > 0.05) 17.1
r>1 1.2776 1.1194 0.88 (p > 0.02) 20.2

* Measured range: 0 < Q; < 11.2 dm3/s/ha.
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Table 4

Empirical coefficients and the fitness of the formula 7,,x= CQ,&:lx
Wspotezynniki empiryczne i stopiefi dopasowania do danych pomiarowych formuly

D
Nmax = COmax

. Empirical coefficients Determination Standard
P.ollutlon coefficient deviation
indexes C D 2 1%]
Suspended 3.5494 1.6588 0.92 9.1
solids
COD 2.2973 1.3988 0.94 11.3
BOD5 2.3413 0.0954 0.77 17.2

As an alternative method of experimental data analysis, a nonlinear model was used:
L=aQ"T5t? @)

where:

O — volumetric flow rate (dm?3/s),

L — pollutants’ load (g/s),

t — time elapsed from the beginning of runoff (min),

a,n,m,q — regression coefficients.

Sequential analysis of multiple regression based on the experimental data from three
catchment areas in Rzeszow has indicated that the flow rate may be assumed as the most
significant parameter with probability 0.99 (tab. 5). The partial correlation coefficient
ro, r ranges within 0.75-0.90 as compared to 0.83-0.98 when all three variables are taken
into account. Hence, it may be assumed that the flow rate is the only reliable predictor
of the pollutants load in Rzeszdw.

The time elapsing from the last precipitation was not important for two reasons:
1) the accumulation rate of pollutants is not a simple continuous function of time elapsed
since the last storm runoff, 2) high frequency of relatively short dry weather periods.

On the other hand, the time elapsing since the beginning of runoff is not significant
statistically because of highly varying rate of the pollutant removal from the streets, and
especially from the road drain catchpits.

5. EXAMPLES OF PRACTICAL PROBLEM SOLUTIONS

1. Compute the annual load of the total suspended solids washed out from the streets of
the area F =2 ha from residential quarter F, = 30 ha. The maximum runoff coefficient
for street is 0.8 and for the residential quarter 0.5. The annual precipitation #, is 950 mm.
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Solution: the values of annual runoff coefficients ¥, and ¥, are 0.53x 0.8 = 0.424
and 0.53%0.5 = 0.265, respectively. From tab. 2 we find C,  =1703 mg/dm* and
C, , =442 mg/dm3. Substitution of the above data into formula (1) yields:

105 5% 950(1703 % 0.424 % 2--442 % 0.265 % 30) = 47101 kg/yr.

Table 5

Empirical coefficients and the fitneess of eq. (7) based on data from the catchment areas in Rzeszow
Wspolczynniki empiryczne i stopien dopasowania do danych pomiarowych dla zlewni w Rzeszowie

. . Partial correlation
Regression coefficients

coefficients Multiple
Catchment correlation
areas coefficients
a n m q RQ, 1d RTd 72 R L
Suspended solids

B 0.7571 1.2730 0.0764  0.1096 0.90 0.13 —0.34 0.915

(p > 0.01)
C 0.4474 1.1965 —0.1042 —0.0379 0.75 —0.11 —0.06 0.83

(p > 0.01)

D 0.1347 1.2269 0.1646 —0.1129 0.82 0.16 —0.21 0.902
(p = 0.01)

COD

B 0.3985 1.0278 0.0903 0.0674 0.90 0.18 —0.27 0.933
(p > 0.01)

C 0.2299 1.1342 0.0458 0.751 0.89 —0.11 —0.27 0.904
(p = 0.01)

D 0.0828 1.0493 —0.0244 —0.0141 0.90 0.13 —0.05 0.970

(p > 0.01)

BODs

B 0.0600 0.9392 —0.0213 —0.0614 0.84 —0.04 —0.21 0.943
(p > 0.01)

C 0.0774  0.6522 —0.0668 —0.0366 085 ~ —0.19 —0.18 0.974
(p > 0.01)

D 0.0327 1.0159 0.0809 —0.0257 0.90 0.16 —0.10 0.982

(p > 0.01)
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Table 6
Computed pollutograph
Obliczony polutogram
Time inte.rval 10 20 30 40
At; [min]
Q; [dm3/s-ha] 3.1 7.8 11.2 7.3
L; [g/s-ha] 4.3 18.8 33.6 16.9

2. Compute the stormwater pollutograph from the residential-industrial catchment
area F, =280 ha. The hydrograph Q; (tab. 6), maximum runoff coefficient ¥ — 0.5,
annual precipitation /2, = 950 mm, and sum of precipitation durations T — 34 days
are given.

Solution: from the formula (1) we have L, = 222748 kg/yr. Substituting the above
data into the formula (5), we obtain L , as given in tab. 6.

6. SUMMARY AND CONCLUSIONS

From the investigations performed the following conclusions can be formulated:

I. Methods allowing the stormwater quality evaluation were reviewed. Statistical
methods for calculating the annual pollutant load and pollutographs were developed.

2. The choice of the method for evaluation of those methods depends on the kind
of models for evaluation of hydrographs.

If a parametric model of the hydrograph evaluation is available, the formula (3) can
be used. If solely the maximum runoff is computed, the pollution load versus water flow
curves can be estimated assuming that the loads of pollutants change linearly from zero
to the maximum value during each runoff. The latter method can be particularly useful
in preliminary planning.

The statistical model can be used for forecasting the loads discharged from similar
and ungauged catchment areas.

3. The results presented suggest that in the case of an intensive erosion and the sedim-
entation of solids accumulated in the sewage system, the flow rate may be the statistically
most significant parameter, affecting the flow of pollutants.

Results of this study cannot be applied uncritically to other watersheds. Tt may be
expected that some of the fundamental concepts investigated in this study would be useful
in further studies on urban stormwater quality.



Evaluation of urban stromwater runoff quality 87

REFERENCES

[1] BABELSKI Z., Badania ilosci i jakoSci $ciekéw deszczowych z wybranych charakterystycznych zlewni
miejskich, a part of the Report No. 01.03.04/3/PR-7, Technical University of Rzeszow, 1979.

2] BiELAWSKT Z., KALINOWSKI M., Wspdlzalezno$ci zachodzace w zjawisku opad-odplyw (ilosé-jakos¢)
ze zlewni zurbanizowanych, Report No. 01.03.04/3 PR-7, Institute of Environmental Development,
Warszawa 1979.

[3] BIELAWSKI Z., FIDALA-SZOPA M., KALINOWSKI M., OSMULSKA-MROZ B., SAWICKA-SIARKIEWICZ H.,
Zasady ustalania charakterystyki miejskich Sciekéw opadowych oraz ich dopuszczalnych zrzutow do
wéd powierzchniowych, Report No. 01.03.04/7 PR-7, Institute of Environmental Development, War-
szawa 1980. ,

{4] Di Giano F. et al., Short course proceeding applications of stormwater management models, United
States Environmental Protection Agency, Report No. EPA-670/2-75-065 (National Technical Infor-
mation Service, No. PB 247 163), June 1975.

15] FieLp R., EPA research in urban stormwater pollution control, Journal of the Hydraulics Division,
ASCE, Vol. 106, No. HY 5, Proc. Paper 15389, May 1980, pp. 819-835.

6] JaLaL K. F., Water quality impacts of urbanization — a methodology, Journal of the Environmental
Engineering Division, ASCE, Vol. 103, No. EE 1, Proc. Paper 12727, February 1977, pp. 49-57.

[7] KaLiNOowsKI M., Metoda okreslania zanieczyszczeh miejskich Sciekow deszczowych, Biuletyn Instytutu
Ksztattowania Srodowiska, No. 7, 1980, pp. 49-56.

8] KaLiNowskKI M., Wplyw kanalizacyjnych zbiornikéw retencyjnych i przelewéw burzowych na charakte-
rystyke Sciekéw opadowych (doctor’s thesis), Warsaw Technical University, 1981.

{91 OsucH-PapzINsKA E., The problem of estimating of pollutant concentrations and quantities in urban
stormwater, 3rd Conference on Water Quality and Technology, Budapest, April 1979.

[10] OverToN D. E., MEaDOWs M. E., Stormwater modelling, Academic Press Inc., New York 1976.

{11] Prick R. K., MANCE G., 4 suspended solids model for stormwater runoff, International Conference on
Urban Storm Drainage, University of Southampton, U.K., April 1978.

{12] SutuercanD R. C., McCuEN R. H., Simulation of urban nonpoint source pollution, Water Resources
Bulletin, Vol. 10, No. 2, February 1978, pp. 409-428.

{13] WarppLE W., HUNTER J. V., YU S. L., Effects of storm frequency on pollution from urban runoff, Jour-
nal of Water Pollution Control Federation, Vol. 49, No. 11, November 1977, pp. 2243-2248.

{14] Wu J. S., AuLerT R. C., Assessment of methods for storm runoff loads, Water Resources Bulletin,
Vol. 10, No. 2, February 1978, pp. 429-438.

ACKNOWLEDGMENTS

The study was performed at the Department of Water Supply and Sewerage of the Institute of Environ-
mental Development in Warsaw. The financial suport was provided by the Polish Government Project
PR-7,01.03.04. The helpful suggestions of Assoc. Prof. Pawet Braszczyk are gratefully acknowledged.

OKRESLANIE JAKOSCI SCIEKOW DESZCZOWYCH

Dokonano przegladu metod okre$lania jakosci Sciekow deszczowych ze wzgledu na ich praktyczne
wykorzystanie w Polsce. Zaproponowano prostg metode okres$lania polutogramoéw i rocznego fadunku
zanieczyszczen Sciekow deszczowych. Metoda opiera si¢ na statystycznie okreSlonym zwiazku migdzy na-
tezeniem przeplywu masy zanieczyszczefh a objetoSciowym natezeniem przeplywu, czasem od poczatku
odpiywu i czasem pogody bezdeszczowej. Zaproponowano rowniez sposob okreslania polutogramow wow-
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czas, kiedy mozna oszacowa¢ jedynie maksymalne natezenie przeptywu. Dokonano identyfikacji parame-
trow na podstawie badan w Warszawie. Analiza danych eksperymentalnych z trzech zlewni w Rzeszowie
wykazala, ze najbardziej statystycznie znaczacym parametrem, wplywajacym na polutogramy, jest nate-
zenie przeplywu objetosciowego.

BESTIMMUNG DER VERSCHMUTZUNG VON REGENABWASSERN

Gegeben ist eine Ubersicht der MeBmethoden der Verschmutzungen von Regenabwissern unter dem
Hinblick ihrer praktischen Anwendung in Polen. Vorgeschlagen wird eine einfache Methode der Polluto-~
grammbestimmung und der Jahresschmutzfracht. Sie stiitzt sich auf den statistischen Beziehungen zwi-
schen der Schmutzfracht und der DurchfluBmenge, der AbfluBzeit seit AbfluBbeginn und dem Dauer der
Trockenperiode. Vorgeschlagen wird auch eine Pollutogrammbestimmung in Fillen, in denen nur eine
Abschitzung des maximalen AbfluBes moglich ist. Angefiihrt wird eine Identifizierung der Werte anhand
von MeBwerten, die fiir Warschau ermittelt wurden. Eine Analyse von Experimenten an drei Einzugsge-
bieten in Rzeszow hat erwiesen, daB als wesentlichster Faktor, der auf die Pollutogramme einwirkt, die
AbfluBmenge anzusehen ist.

ONPEAEJIEHUE KAYECTBA JTOXJEBBIX CTOUYHBIX BOJL

Tpomssen€H 0630p METO/OB ONPENETICHAS KAYeCTBA JOKIEBBIX CTOYHBIX BOJ MOX YIJIOM BO3MO-
HKHOCTHM MX NPaKTHYECKOTO MCrOIb30BaHusA B [Tosbure. IIpeioker IPOCTOi METO ONpeNeNeHus! Oy~
TOrpaMMOB ¥ TOZOBOTO TPy3a 3arpA3HEHHMIT TOXKIEBbIX CTOYHBIX BOA. METO OIMMPAETCs HA CTATHYECKH
OnpenenEHHON CBI3M MEX/y PACXOTIOM MACCHI 3arpsI3HEHMIt X OGBEMHEIM PACXOIOM, BPEMEHEM C HAYaIIa
CTOKa M BepemeHeM morofer 0e3 noxnas. IIpensioxeH Takke cmocob OMpeeNeHus: IOJUIyTOrpaMMOB
B CJly4ae, KOra MO HO OLEHHTEH TOJBKO MAaKCHMMAlbHBIX pacxox. ITpoussenena uneHTHGHKALMS mapa-
METPOB Ha OCHOBE MCCIIEIOBAaHMU, NPOU3BEAEHHBIX B Bapiiase. AHaau3 sKCIIePEMEHTAIbHBIX JAHHBIX 13
TPEX BOAOCOOPHBIX mutomIa e B JKemose mokasas, YTo HanboIee CTATHCTHYECKH 3HAYALLAM napamMeTpoM,
BIIMSIOIIMM Ha TIOJIIYyTOIPaMMBI, SIBISIETCS OOBEMHBIN pacxoi.



