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Abstract : Non-point source pollution has become an important component in watershed planning in United
States because of high mass emissions. Land use associated with vehicular activity such as parking lots and
streets are especially thought to be high contributors of stormwater pollutants. In order to determine the
magnitude of the first flush from freeway runoff, pollutant loading is being measured at eight freeway sites
with emphasis on interpretations of event mean concentrations (EMCs) and first flush effects. The EMCs
cannot be determined by simple statistical averaging of measured pollutant concentrations because of
random characteristics of runoff quality and quantity. Also, it is necessary to develop a definition of first
flush effects since this has not been defined clearly. Therefore, this paper will show a new EMC
determination method and an appropriate definition and criteria for first flush. Using resulis of the
monitoring and new washoff model, EMCs are determined. The EMC ranges of 95% confidence intervals
are from about 102.78 to 216.37 mg/L for TSS, 104.53 to 251.79 mg/L for COD, 5.42-10.58 mg/L for oil
& grease and 2.42-10.18 mg/L for TKN. The mass discharge curves that will explain the definition and
criteria of first flush are classified into three types: high (>50% mass/30% runoff volume), medium and
non-first flush (<50% mass/30% runoff volume). More than 80% of the events exhibited a first flush.
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INTRODUCTION

The United States has made tremendous adva-
nces in the past 30 years to clean up the aquatic
environment by controlling pollution from point
sources. Although point source discharges have
decreased during recent years, many water
bodies or rivers are still impaired and are either
eutrophic, with excess algae biomass and epi-
sodes of toxic algal blooms, or oxygen dep-
leted."” Non-point sources (NPSs) are the cause
of many of the problems. Non-point source
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pollution, unlike pollution from industrial and
sewage treatment plants, comes from many
diffuse sources. NPS pollution is widespread
because it can occur at any time in any types of
landuse. Agriculture, forestry, grazing, septic
systems, recreational boating, urban runoff, con-
struction, physical changes to stream channels,
and habitat degradation are potential sources of
NPS pollution. As the runoff moves, it picks up
and carries away natural and anthropogenic
pollutants, finally brings them into lakes, rivers,
wetlands, coastal waters, and even underground
drinking water sources.”™

The United States Environmental Protection
Agency (USEPA) developed Nationwide Urban
Runoff Program (NURP) to expand knowledge
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of urban runoff pollution by instituting data
collection and applied research projects in
selected urban areas throughout the United
States.”® The realization that significant quan-
tities of nutrients, pesticides, herbicides and
heavy metals are contained in runoff caused the
US. EPA to require that regional planning
agencies develop programs to reduce pollution
from urbanized areas under section 208 of the
Clean Water Act. Best Management Practices
(BMPs), which refers to education, regulatory
procedures, treatment systems and other methods
to control pollutants in runoff were required.*®

Paved areas such as highways and streets in
urban areas are “stormwater intensive” land uses
since they are highly impervious, and have high
pollutant mass accumulation from vehicular acti-
vity. Highway runoff pollutants have numerous
sources such as automobile emissions, wet and
dry atmospheric deposition, gross depositions
such as litter, vegetation and organic residues,
erosion, and road deicers. These varied sources
are usually quantified using an event mean con-
centration (EMC), which is a flow-weighted
average.” The EMC can be multiplied by the
total runoff volume to determine the mass emi-
ssion such as Eq. 1.

Discharged mass during an event _ _[U C) Vi, (0)dt

EMC= Discharged vol ’
iscnarged voiume VTR"(t)dt

)

Where, C(t) is pollutant concentration and
Vrra(t) 1s stormwater volume discharged at time t.

The difficulty of EMC determination is
generally caused by uncertainties of rainfall
intensity and magnitude, experimental errors and
lack of sufficient data. Generally, the exponential
method was used by many people because the
concentrations during a storm event usually
declines with time.”"> Multiple linear regression
analysis'’ and the medium point method” have
been used to determine EMCs by interpolating
between measured concentrations. When the con-
centration profile does not strictly decline, as
shown later, numerical or “fit” errors are intro-

duced into the calculation.

Often the pollutant concentration declines over
time, which tends to create greater emission
rates at the beginning of runoff. This pheno-
menon is often called a “first flush”, and the
existence of a first flush can influence the
selection of best management practices (BMPs).
The decline in concentration is sometimes offset
by an increasing runoff rate as a storm pro-
gresses. To evaluate first flush effects and BMP
selection, models are often used to predict
pollutant concentrations. Regression models, sto-
chastic, and deterministic simulation models have
all been used.'” The main difference between
the models is the assumption of the origin of
pollutants. Most of the models commonly use
concentrations or loads of pollutants as variables
that are dependent upon runoff volume, rainfall
intensity, traffic intensity, antecedent dry days,
surrounding land use, etc. Generally, it is dif-
ficult to consider all factors because of many
different site-specific conditions such as presence
or absence of street sweeping, soil saturation,
wind direction, etc. Regression models have
been criticized as poor predictors of future
events or other regions. The existence of first
flush has been debated. Hence, there have been
many defining criteria for the first flush effect.
Thornton and Saul'” defined the first flush as
the initial period of storm flow during a storm
event. Geiger'® defined that a first flush occurs
when the slope of normalized cumulative mass
emission plotted versus normalized cumulative
volume is greater than 45%. Several other inve-
stigators have also used the Geiger's defini-
tion.>' 171 ' proposed
using only the first 25% of runoff volume in
defining first flush. Deletic'” used standard stati-
stical methods including a multiple regression
model, and restricted first flush to the first 20%
of runoff. Saget et al.”” and Bertrand-Krajewski
et al.” defined that a first flush occurs when at
least 80% of the pollutant load is emitted in the
first 30% of the runoff volume. First flushes
have most often been observed in small water-

Vorreiter and Hickey'

sheds, particularly if proportion of impervious-
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ness area is high. Large watersheds may have
long travel time, so that the early runoff from
areas far from the sample location is mixed with
later runoff from areas adjacent to the sample
location.

This research investigates the existence of
first flush as a function of site-specific variables
as well as stormwater characteristics. The objec-
tives of this study is to show determination
approaches for EMCs and mass loading with
data interpolation method and to suggest the
clear definition and criteria of first flush.

METHODS

Descriptions of Sites and Monitored Events

Figure 1 shows the eight monitoring sites. All
were selected to include primarily highway run-
off. The sites were sampled over two rainy
seasons. Monitoring was performed by collecting
4L grab samples. Generally five samples were
collected in the first hour. The first sample was
collected at the very beginning of runoff. Addi-
tional samples were collected each hour until the
end of the runoff. Rainfall and runoff rates were
also measured with automated monitoring equip-
ment. EMCs were calculated by integrating the
product of runoff rate and concentration. A large
suite of water quality parameters was measured,

including oxygen demand parameters, metals,
nutrients and ions.”" Of those water quality
parameters, 10 parameters will be shown in this
paper.

Table 1 summarizes the sites and event des-
criptions. It includes site area, date, average
daily traffic (ADT), antecedent dry days (ADD),
rainfall, storm duration and total volume of run-
off. The event rainfall varies from 03 cm to
5.64 cm and antecedent dry days vary from 1 to
about 69 days. The smallest catchment area is
1,700 m® at site URS6-20F and the largest area
is 48,100 m® at site CDM7-10.

Derivation of New Wash-off Model

The new wash-off model is derived using
continuous mass balance considering runoff volu-
me, rainfall volume and time. Each pollutant has
a total mass on the watershed that existed
before rainfall and a remaining mass that exists
after a rainfall. The wash-off mass is the dif-
ference between total and remaining mass. The
mass input from processes during the storm
event is neglected in the initial derivation, but is
added later. The initial mass will also be related
to the antecedent dry periods. Eq. 2 is the
“dynamic mass balance equation” for this system
and it accounts for all mass everywhere in the
system at time f.

R
e N

Pacific Ocean

Figure 1. Study areas in Southern California, USA.
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Table 1. Monitoring site descriptions

Watershed Antecedent Storm Total Total Volume of

Sites Area ADT Event Date Dry Days Duration Rainfall Runoff
(mz) (Cars/day) | (mm/dd/yy) (days) (hrs:min) (cm) (m3)

UCLA 1 12,800 328,000 01/25/00 8.00 19:21 1.68 213.18
02/27/00 3.90 4:26 0.30 16.14

10/26/00 33.60 10:57 2.34 255.20

01/08/01 69.40 6:34 0.38 43.70

02/19/01 5.40 4:08 0.71 80.86

03/04/01 4.00 10:32 1.17 136.13

UCLA 2 16,900 260,000 01/25/00 7.90 19:23 2.36 396.70
02/10/00 9.90 19:01 0.69 106.47

04/17/00 39.80 8:34 4.42 300.78

10/26/00 33.60 10:57 2.31 194.41

01/08/01 69.40 4:18 0.48 49.60

03/04/01 4.00 5:05 0.89 140.17

UCLA 3 3,900 322,000 01/25/00 8.20 7:53 1.75 68.02
02/12/00 1.10 4:42 1.78 59.46

03/04/00 5.00 1:33 0.58 20.50

10/26/00 33.60 11:47 2.59 94.53

02/19/01 5.30 6:56 297 110.53

02/24/01 1.00 11:36 1.12 37.29

04/07/01 31.60 10:46 2.16 55.43

CDM7-10 48,100 176,000 01/25/00 25.20 10:04 1.50 557.23
02/12/00 2.10 2:50 2.31 950.3t
02/20/00 3.20 13:05 5.64 2598.24
02/23/00 2.10 13:00 4.24 1737.42

02/27/00 4.00 5:45 1.09 400.49
03/08/00 1.00 10:06 2.74 1145.46
04/17/00 38.90 7:20 4.24 1745.43
CDM7-185 2300 220000 01/25/00 25.00

02/12/00 2.00 2:30 1.88 36.98

02/23/00 2.00 9:35 2.49 56.53

02/27/00 4.00 1:05 0.38 4.00

03/08/00 3.00 8:45 2.06 45,70

04/17/00 39.00 6:55 3.18 70.39

URS23 29,100 122,000 01/26/01 33.00 7:48 0.89 95.61
02/10/01 14.60 9:12 0.99 120.42

02/19/01 5.70 6:24 0.94 116.82

URS6-20F 1,700 216,600 10/26/00 33.00 10:00 3.18 33.13
01/26/01 33.00 7:18 1.19 10.53

02/10/01 14.50 6:36 0.51 2.75

02/19/01 5.60 5:40 1.04 7.72

URS8-23C 2,500 229,000 01/26/01 33.00 12:48 0.53 6.59
02/19/01 5.50 7:12 0.43 10.66

Mass i = Mass,, g (1) + Mass, g, () ) shed off pollutant mass can be calculated by

The mass retained can be represented using a
hypothetical concentration corresponding to the
mass divided by the rainfall retained on the
watershed, which is assumed constant. The wa-

integrating the product of the runoff concent-
ration C(t) and the runoff rate Q. (#). Thus, the
remaining mass can be expressed:

cn-v

=C(t)-k-V,,
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V,: = Volume of rainfall retained on the
watershed,

£ = Fraction of total rainfall retained on the
watershed, V,./ Vg,

C) = Time varying concentration washed-off
from watershed area at time ¢ g/m’

Mass =k -V, C(O) = J.(; C(t)- O, (1)t )

Q.. () = Runoff flow rate from watershed area, m’/sec

¢, = Runoff coefficient

V,, = Total rainfall volume = [ Rainfall(r) d, m’

V,r. = Total runoff volume = _[UT Q. (1) dt,m’®

Differentiating and rearranging Eq. 4 with
Vea = Vira / a

dcw)_ o
cw kv, GO ®)

Integrating Eq. 5, we obtain:

In[C(n)]=- In
[ ] k VTRu (ﬁ ) (6)
B = Integration constant
% M =0,
By letting % and  V,, "7, equa-
tion 6 becomes:
In[C(0)]= 0t O, (D +In(B) @

Where, i (t) =Normalized cumulative volume,
0<Q,,(H)<1.0

Taking the exponential of both sides, Eq. 7
becomes:

C(t)= B Exp[~a-Q,p, ()] (®)

Finally, as stated earlier, the mass input during
a storm event should be considered as another
concentration term (), which is originated
from automobiles, etc. Thus,

C(;):ﬁ-Exp[—a'Q,,Ru(t)]‘*‘}’ 9

Where, the concentration can also be defined
from mass emission rate:

M ()= C(1)- Q, (1) (10)

M (r) = Pollutant mass emission rate at time, ¢
By  rearranging  Eq. 10 and letting
[Q,.Ru ) =Qp (1 - 1)] =B Qur (D , we obtain:

M@ | Mwd |  M@ar
00 [ On (e ) [ 0n -] 0yt
1 [ Mwar

B Q) Vi,

c(t)=

an

The left side of Eq. 11 is a new concentration
term that is a key premise of the model. Let

[ Mt Vg, = NewConc [0, 0] Eq. 11 can

be expressed such as follows:

1

C(t)=————-{NewConc.|Q,, (1)

0= 50w { [0 ) (12)

By equating Eq. 9 and 12, we obtain:

B-Exp[-a- Qe (D]+7= m-{NewConc[Q"Ru (t)]}
(13)

Summarizing and letting B-8,=8"and v-B =7,
the new wash-off model is expressed as follows:

NewCom.‘.[Q"Ru (t)] = ﬁ' Qi (D) Exp [_a “ Ok (t)] + }" Qo)
(14

In Eq. 14, a parameter is needed to describe
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the initial condition, which is related to ante-
cedent dry periods. The new washoff model is
expressed in Eq. 15.

NewConc.[ Qg (1)]= 8 + Qe (1) '{}’« +BExpl-a-Q,, )]}
(15)

In order to use the model as a predictive tool,
it is necessary to predict the total runoff
volume, which can be based upon meteoro-
logical data for weather. Eq. 15 has four
parameters that are related to antecedent dry
periods, rainfall intensity and runoff coefficient.
é is an initial concentration related to antec-
edent dry periods. @, B, and 7" are affected
by total rainfall. The new model can be applied
for data interpolation after a storm event to
determine EMCs and mass loading. Also, the
model can be used for pollutant predictions after
sufficient experience is obtained to calculate
generalized coefficients.

RESULTS AND DISCUSSION

The typical rainfall in study area is shown on
Figure 2. Tt has monthly rainfall and cumulative
rainfall during study periods and average rainfall
during 43 years. The study areas have rainy sea-
son during the winter (Dec. to Feb.) and dry
season during the summer. The large dry season
creates the possibility for a “seasonal first
flush”.

The variations of the runoff coefficients are
shown on Figure 3. The runoff coefficients are
ranged from 0.35 to 0.95 depending on rainfall
intensity, antecedent dry days and catchment
area. The mean value was determined to 0.87. It
is higher, approaching unity for large rainfall
events, and lower in small rainfall events. This
is expected and is caused by depression storage
and the limited infiltration that occurs in paved
areas. For very small rainfall events, evapo-
ration, depression storage and infiltration may be
significant. Antecedent dry periods are also im-
portant because it will affect infiltration.

350 = 600
Avg, Monthly Rainfall dering(43 yrs) | g
300 4~ =® - - Avg Com. Rainfalj43 yrs)
R Morshly Rainfall (1999-2000) ¢ 500
——h— (um Monthly Rainfalt (1999-2000) R ’E
250 1! SR Morghiy Reinl (2000-2001) o £
g H —mnens Cum Monthly Rainfall (2000-2001) ; 3
E 200 o E
= c a0 2
'é 150 = ) z
: 200 'g
100 - : !
- E [t
s - 100

67 8 9 100 21 23 4 5
Month
Figure 2. Average monthly and cumulative preci-
pitation in research area.
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Figure 3. Runoff coefficient during research periods.

Comparison of Monitoring and Model-
ing Results

The new washoff model was applied for all
events as mentioned earlier to predict concent-
ration profiles. The model can predict the vari-
ous functional types such as linear, exponential
and Gamma distributions. The existing models
such as exponential and power types have limi-
tations for presenting various types of distri-
butions. However, the new model has flexibility
to fit various types of concentration and it fits
well. Figure 4 shows concentration distributions
of monitored and modeled. It shows good
agreement for most types of concentration distri-
butions. To use this for prediction, the parame-
ters should be generalized to show their rela-
tionship to storm characteristics such as total
runoff, ADD, ADT, etc.

The comparison of distributions between
measured and estimated concentrations is another
important way to assess the models accuracy.
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Figure 4. Concentration versus normalized flow for measured and predicted results.
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Figure 5. Relationships between measured and estimated concentrations.

VOL. 8, NO. 4, 2003 / ENVIRONMENTAL ENGINEERING RESEARCH



170 Lee-Hyung Kim

Figure 5 shows the comparison of the monitored
and modeled results. The R® for water quality
constituents are between 0.84 and 0.98 and the
residuals (not shown) are generally equally
distributed and unbiased. The model can be used
to estimate EMCs for an entire event, or could
be integrated over a subset of the storm to
obtain flow-weighted average concentrations. In
this way the concentration in one part of the
storm can be compared to concentrations in
other parts of the storm.

Determination and Comparison of EMCs
and Mass Loading

Generally, EMCs of the equation are available
to evaluate effects of stormwater runoff on
recetving waters. The EMCs usually vary among
storm events due to factors such as rainfall
intensity and antecedent dry periods, etc. As
stated earlier, the existing EMC determination
methods such as the medium point and expo-
nential methods are limited. The medium point

method is easy to apply, but can introduce large
error if only a few samples were collected. The
exponential model may not fit the observed data,
which results in large errors. The key problem
of the EMC dertermination method is how to
express the concentration changes, C(t), reason-
ably. It is interesting and useful to compare
EMCs calculated in different ways. Three
methods for estimating EMCs were used: 1)
predicting concentration using the new washoff
model; and 2) generating the concentrations
from an exponential model, and 3) the medium
point method suggested by Larsen.” The results
are shown in Figure 6. The notched box plots
shows minimum, median, maximum, standard
deviations, upper/lower 95% confidence intervals
and outliers for each parameter. The median
values are similar, but the 50% interquartile
ranges are smaller for new model than other
methods, suggesting less variability in the new
method. Reductions in variability are even
greater if the maximum and minimum values

EMCs (mgfL)

—
(=]
T
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I 75" percentile
!
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| ; (Outlier)
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Figure 6. Comparison of event mean concentrations (N=New model, M=Medium point method, and

E=Exponential model).
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Table 2. Statistical summaries of event mean concentrations and mass loading

Basic Statistics Confidence
Parameters Interval

No. of Min. Max. | Median | Mean | StDev. 95% 95%
Events Upper | Lower
TSS EMC 39 521 | 87423 | 87.54 | 159.57 | 17522 | 216.37 | 102.78
Mass Loading 0.06 17.27 0.83 2.43 391 3.71 1.14
CoD EMC 2% 13.51 | 776.71 | 102.87 | 178.16 | 182.30 | 251.79  104.53
Mass Loading 0.10 3.23 0.98 1.19 0.91 1.56 0.83
TOC EMC 51 7.36 59.26 12.82 18.09 | 1327 | 24.13 12.05
Mass Loading 0.03 0.85 0.14 0.22 0.23 0.33 0.12

TKN EMC 19 1.93 33.85 3.15 6.30 8.06 10.18 242
Mass Loading 0.01 0.15 0.02 0.04 0.04 0.06 0.02

TP EMC 3 0.11 1.54 0.31 0.41 0.32 0.53 0.30
Mass Loading 0.00 0.04 0.00 0.01 0.0t 0.01 0.00

. EMC 0.52 34.57 5.23 8.00 7.73 10.58 5.42
Oil & Grease |\ foss Loading 37 1 o001 | 030 | 005 | 008 | 008 | 011 | 005
Hardness EMC 36 836 | 291.58 | 44.63 70.83 | 59.82 | 90.49 51.17
Mass Loading 0.00 5.68 0.52 0.82 1.02 1.16 0.49
Alkalinity EMC 17 8.98 75.54 | 21.82 26.88 | 18.58 | 36.43 17.32
Mass Loading 0.05 0.49 0.22 0.24 0.13 0.31 0.18

* Units of EMC and mass loading are mg/L and g/nr’.

EMC’s and mass loading are calculated using the new model.

were considered. For example, the maximum
TSS EMC calculated using the exponential
method is 1,200 mg/L. The maximum using the
medium  point 750 mg/L, which
compares more favorably to the maximum calcu-
lated using the new model, 890 mg/L. The large
values calculated with the exponential model
occur when the fit is poor. The medium point
method is easy to apply, but it potentially
inaccurate if there are few monitored samples.
According to new model, the TSS EMCs ranged
from 5 mg/L to 880 mg/L and COD EMCs
range from 13 mg/L to about 780 mg/L. The
EMC ranges for oil and grease range from 0.5
mg/L to 34 mg/L. The large range shows the
difficulty of predicting EMCs for even a single
land use type. Table 2 shows the statistical sum-
maries for EMCs. The EMC ranges of 95%
confidence intervals are from about 102.78 to
216.37 mg/L for TSS, 104.53 to 251.79 mg/L
for COD, 5.42-10.58 mg/L for oil & grease and
2.42-10.18 mg/L for TKN.

Washed-off mass was calculated using the
continuous model and the measured runoff flow
rate with one-minute intervals. Concentrations at

method s

one-minute intervals were generated using the
washoff model. Table 2 summarizes the statisti-
cal analysis for washed-off mass loading for
each water quality parameter. The ranges of
washed-off mass loading are from about 0.06
g/m2 to 17.27 g/m2 for TSS and about 0.1 to
3.23 g/m® for COD. The volume of runoff can
affect on mass loading and EMCs because of
dilution effect during a storm event. Generally
the differences between minimum and maximum
washed-off mass and EMCs are large because of
event and site characteristics, such as rainfall
intensity, area, runoff coefficient and antecedent
dry periods. As shown in the table, large am-
ounts of pollutant are washed-off during storm
events, which may affect receiving waters. This
process could be expanded to an entire water-
shed to estimate freeway loadings in a TMDL
analysis.

Factors Affecting EMCs and Mass Loadings

The relationships of pollutant EMCs and
factors affecting are shown in Figure 7. The
EMCs are negatively correlated to storm dura-
tion, total rainfall, total volume of runoff and
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Figure 7. Relationships of EMCs and affecting parameters.

rainfall, and average rainfall intensity. Large
storms have smaller EMCs because of dilution

effects or exhaustion of pollutant mass.

First Flush Criteria

The existence and importance of first flush
has been debated. If first flush exists, it can be
important in BMP design, since the BMP can be
used to treat more early runoff volume and
bypass the later runoff.

Figure 8 shows two ways of displaying first
flush. The results were obtained by fitting the
model to each storm event and then using the
model results to calculate mass emission rates.
Both graph types are useful for visualizing the
potential for BMPs to remove material form the

first flush. The fractional mass diagrams show
the opportunity for treatment in each fraction of
runoft volume. The cumulative diagrams are
useful in visualizing the performance of BMPs
that might treat the first fraction of a storm
event. The left side of Figure 8 shows COD and
oil & grease mass emission rates for successive
normalized runoff volumes. This method of plot-
ting shows that the first 10% of the normalized
volume carries the greatest mass of pollutants.
The right side of Figure 8 shows a first flush
ratio or in this case the mass first flush ratio
(MFF). For COD, the MFFy; is 2.7, which
means that 27% of the normalized COD mass is
washed off in the first 10% of normalized
runoff. The MFF ratio declines as the storm
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Figure 8. Washed-off pollutant mass and volume.
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Figure 9. Differences of normalized cumulative mass and flow for TSS and COD.

proceeds and the MFFy and MMFy, decline to
2.4 and 1.5, respectively.

The washed-off mass generally decreases with
time, and a point of diminishing returns can be
envisioned for BMPs that are sized based on
flow rate, or total volume treated. Each subse-
quent volume fraction provides less opportunity
for removal. After 30% of the runoff volume,
does show large

the washed-off mass not

differences. It is apparent that treatment capacity
in the early part of a storm (i.e., less than 30%)
is more valuable.

Figure 9 shows another way of describing
first flush. The difference between the norma-
lized washed off mass (curved line) and the
normalized flow (diagonal line) is plotted. The
first flush and non-first flush or “last flush” are
clearly shown with the figures. Negative num-
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Figure 10. Fractions of first flush events.

bers indicate a last flush. The maximum value
of the function is the point of maximum first
flush, or the point where the normalized washed
off mass most TSS and COD are shown and all
events are plotted. The maximums vary signi-
ficantly, but generally the maximums are in the
20 to 30% range of normalized runoff. The
non-first flush effects are clearly shown in the
figures. Therefore, the figures are also a reason-
able approach for determining the first flush
criteria and first flush effects.

The ranges of first flush observed are shown
in Figure 9. The numbers in parenthesis below
the parameters represent the number of observed
rainfall events. The events are divided into
MFF3 ratios greater than 1.67 (high), between 1
and 1.67 (medium) and less than 1.0 (non-first
flush). Most events are between 1 and 1.67.
About 80% events for TSS, 90% events for
COD and 95% events for TOC are had some
type of first flush.

CONCLUSIONS

This paper has presented a new model for
describing stormwater runoff. The model uses
four parameters which gives its flexibility to fit
first flush as well as non-first flush events. The
model’s parameters are correlated to measurable

or predictable storm events such as total runoff

volume, antecedent dry days and storm duration.

Future uses of the model include improving esti-

mates of event mean concentrations from sparse

data and designing BMPs to take advantage of
the first flush. The following additional conclu-
sions are made:

(1) Generally the differences between minimum
and maximum washed-off mass and EMCs
are large because of event and site charac-
teristics, such as rainfall intensity, area, run-
off coefficient and antecedent dry periods.

(2) The EMCs are negatively correlated to storm
duration, total rainfall, total runoff volume of
runoff, and average rainfall intensity. Large
storms have smaller EMCs because of dilu-
tion effects or exhaustion of pollutant mass.

(3) The fractions of washed-off mass are very
high in first 30% of runoff, which suggests
a first flush. The washed-off mass stabilizes
after 30% of the runoff volume and it is
apparent that treatment capacity in the early
part of a storm (i.e., less than 30%) is more
valuable that treatment capacity in the later
part of the storm.

(4) Using the criteria of “high” first flush and
“medium” first flush, as 50% of the mass in
the first 30% of the volume, and 30 to 50%
in the first 30% volume, respectively, more
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than 30% of the storms showed high first
flush for TSS and COD, and more than
45% showed a medium first flush. The fre-
quency of first flushes is tabulated for the
other parameters, which is generally less
frequent. A “first flush friendly” BMP, mea-
ning a BMP that can treat a high percentage
of the initial flow, would be
advantageous for 80% to 90% of the events
for TSS, COD and TOC.
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ACKNOWLEDGEMENT

10.

351~362 (1986).

. Bertrand-Krajewski, J., Chebbo, G., and Sa-

get, A., “Distribution of pollutant mass vs
volume in stormwater discharges and the
first flush phenomenon,” Water Res., 32(8),
2341~2356 (1998).

. Charbeneau, R.J., and Barrett, M.E., “Eva-

luation of methods for estimating stormwater
pollutant loads,” J. of Water Environmental
Research, T0(7), 1295~1302 (1998).

Deletic, A.B., and Mahsimivic, C.T., “Eva-
luation of water quality factors in storm run-
off from paved areas,” J. of Environ. Engin-

eering, 124(9), 869~879 (1998).

11. Irish, Jr. L.B., Barrett, M.E., Malina, Jr. J.F.,
and Charbeneau, R.J., “Use of regression
models for analyzing highway storm-water

This study was supported in part by the
California Department of Transportation (Caltr-
ans). The authors are grateful to their continuous
support.

REFERENCES

. Parr, A., Zou, S., and McEnroe, B., “Runoff
contamination,” J. of Environmental Enginee-
ring. 124(9), 863~868 (1998).

. Larsen, T., Broch, K., and Andersen, M.R,,
“First flush effects in an urban catchment
area in Aalborg,” Water Sci. & Technol., 37
(1), 251~257 (1998).

. U.S. EPA, “Nonpoint sources pollution con-
trol program,” U.S. EPA, Report 841-F-94-
005, USA (1994).

. Jefferies, C., Aitken, A., McLean, N., Mac-
donald, K., and McKissock, G., “Assessing
the performance of urban BMPs in Scotl-
and,” Water Sci. & Technol., 39(12), 123~
131 (1999).

. Smullen, J.T., Shallcross, A.L., and Cave,
K.A., “Updating the U.S. nationwide urban
runoff quality data base,” Water Sci. &
Technol., 39(12), 9~16 (1999).

. US. EPA, “Managing nonpoint source pol-
lution from households,” U.S. EPA, Report
841-F-96-004], USA (1996).

. Silverman, G. S., Stenstrom, M.K., and Fam,
S., “Best management practices for controll-
ing oil and grease in urban stormwater
runoff,” The Environmental Professional, 8,

12.

13.

14.

16.

17.

18.

loads,” J. of Environmenal Engineering,
124(10), 987~993 (1998).

Osuch-Pajdzinska, E., and Zawilski, M,
“Model of storm sewer discharge. I: descrip-
tion,” J. of Environmental Engineering,
124(7), 593~599 (1998).

Deletic, A., Ashley, R., and Rest, D., “Mo-
deling input of fine granular sediment into
drainage systems via gully-pots,” Water Res.,
34(15), 3836~3844 (2000).

Gupta, K., and Saul, A.J., “Specific rela-
tionships for the first flush load in combined
sewer flows,” Water Res., 30(5), 1244~1252
(1996).

. Thornton, R.C., and Saul, A.J., “Temporal

in two combined
sewer systems,” Proceedings of the 4" Int.
Conf. on Urban Drainage, 51~52, Lausanne,
Switzerland (1987).

Geiger, W., “Flushing effects in combined
sewer systems,” Proceedings of the 4th Int.
Conf. on Urban Drainage. 40~46, Lausanne,
Switzerland (1987).

Sansalone, J.J., and Buchberger, S.G., “Parti-
tioning and first flush of metals in urban
roadway storm water,” J. of Environ.
Engineering, 123(2), 134~143 (1997).
Sansalone, J.J., Koran, JM., Smithson, J.A.,
and Buchberger, S.G., “Physical characte-

variation of pollutants

VOL. 8, NO. 4, 2003 / ENVIRONMENTAL ENGINEERING RESEARCH



176

19.

20.

Lee-Hyung Kim

ristics of urban roadway soils transported
during rain events,” J of Environmental
Engineering, 124(5), 427~440 (1998).
Vorreiter, L., and Hickey, C., “Incidence of
the first flush phenomenon in catchments of
the Sydney region,” National Conf Publica-
tion-Institution of Engineers, 3, 359~364,
Australia (1994).

Saget, A., Chebbo, G., and Bertrand- Kra-
jewski, J., “The first flush in sewer system,”
Proceeding of the 4" Int Conf. on Sewer

21.

Solids-Characteristics, Movement, Effects and
Control, 58-65, Dundee, UK (1995).
Stenstrom, MK., Lau, S., Lee, H-H., Ma,
M., Ha, H., Khan, S., Kim, L-H., and Kay-
hanian, M., “First Flush Stormwater runoff
from Highways,” Proceedings of Environ-
mental and Water Resources Institute's
(EWRI's) World Water & Environmental
Resource Congress, May, Orlando, Florida,
USA (2001).

ENVIRONMENTAL ENGINEERING RESEARCH /VOL. 8, NO. 4, 2003



