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ABSTRACT

Effective control of nonpoint source pollution in urban areas relies on the appropriate applica-
tion of best management practices (BMPs). Many strategies are used in designing the BMPs
considering efficiency, cost, benefits, etc. In Korea, the first flush criterion is typically employed
to size the BMPs. However, the criterion was only adopted from foreign literature without veri-
fication of its applicability. This study was conducted to investigate the most suitable first flush
design rainfall that can be used in sizing the BMPs in Korea. The data used to calculate the
pollutant concentrations were gathered from a total of 22 storm events during the three-year
monitoring on a paved parking lot site. The magnitude of the generated first flush at 5 mm and
7.5 mm accumulated rainfall were quantified and analyzed by means of mass first flush (MFF)
ratio. The results showed that the pollutant concentration at 5 and 7.5 mm accumulated rainfall
were 36% and 22% greater than the average event mean concentration (EMC), respectively.
Although the BMP size could be appreciably reduced by almost 70% when 5 mm rainfall is to
be used as compare to 50% size reduction for 7.5 mm rainfall, it is still better to select 7.5 mm
as design rainfall. In this case, the treated mass is above 50% for 7.5 mm but only 40% for 5 mm
rainfall. Therefore, “cost-effective” BMP design must not only depend on treated runoff quan-

tity but also quality of the treated runoff.

Keywords: Accumulated rainfall; BMP; Design; EMCs; First flush; MMF

1. Introduction

For the past 30 years, the government of Korea has
made tremendous advances in building water related
infrastructures to clean up its aquatic environments
against point source pollution. Although point source
discharges have been reduced, many water bodies in
Korea remain polluted. Nonpoint sources (NPSs) are
the reason behind many problems. Generally, NPS pol-
lutants are caused by various land uses. Paved surfaces
such as parking lots and bridges in urban areas are storm
water intensive land uses since they are highly imper-
vious, and have high pollutant mass emission from
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vehicular activities [1]. To control NPS, it is necessary
to understand the environmental processes within a
watershed [2]. The primary characteristic of urban storm
water runoff is the first flush phenomenon. It is this ini-
tial period of runoff during which pollutant concentra-
tion is higher than in later periods that is called the first
flush phenomenon [3]. First flushes are usually associ-
ated with small impervious catchment such as highways
and parking lots [4, 5]. Saget et al. and Bertrand-Krajew-
ski et al. suggested that a first flush occurs when 80% of
the pollution load is contained within the first 30% of
runoff volume [6, 7]. Others have chosen 25% of runoff
volume as a cutoff [8]. Still others have used a pollutant
mass/runoff volume curve method in which slopes of
greater than 45° constitutes a first flush [9].
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The first flush of the impervious runoff sites were
characterized with mass first flush (MFFn) ratio, define
as the ratio of the discharged pollutant mass to the run-
off volume in the first 7% of the runoff. It quantifies the
mass of emitted pollutants as a function of the storm
progress, as indicated by the normalized runoff vol-
ume. The MFFn is equal to zero at the beginning of the
storm (n=0%) and always equals 1.0 (n =100%) at the
end of the storm. MFFn values greater than 1 indicates
that normalized mass is being discharged faster than the
normalized volume or a first flush [4, 10, 11].

The existence of first flush provides an opportunity
for controlling urban runoff pollution from a broad
range of land uses. Considering first flush gives a more
effective design of best management practices (BMPs)
[12]. These BMPs are employed to capture and isolate
the most polluted runoff, with subsequent runoff being
directly diverted to the runoff system (as bypass), which
is more economical compare to treating the whole
amount of runoff. Besides, BMPs also consider cost and
not only efficiency in design. Regulations for NPS pollu-
tion from small catchments often contain requirements
for treating a first flush depth of runoff. BMPs used to
improve water quality needs to be designed or selected
to correspond to the flow rate of the first flush runoff
depth [13]. The Ministry of Environment (MOE) set up
guidelines for the design and installation of BMPs based
on the first flush phenomenon. The design criterion for
the treatable volume is to be based on an accumulated
rainfall of at least 5 mm [14]. There is another criterion
for the pollutant reduction facility which considers an
accumulated rainfall of 7.5 mm following the first flush
concept [15]. These criteria are adopted in Korea to
design BMPs for paved areas.

The higher initial concentrations are associated with
the removal efficiency of the BMPs due to the first flush
[16]. The washed-off pollutant concentrations from NPS,
including parking lots and bridges, are quantified with
the event mean concentration (EMC). In spite of many
EMC-related studies concerning various landuses, using
the published EMC values is limited because of high
uncertainties of NPS as demonstrated by the differences
in total rainfall, rainfall duration and intensity, total runoff
volume, catchment area, and other site-specific factors [1].
The concentration of discharged pollutants during the
first flush has imposed limitations to estimate pollutant
concentration using the general EMCs of the total event.

The objective of this study was to evaluate the most
effective design rainfall that can be applied in siz-
ing stormwater BMPs. To be able to accomplished this
objective, the concentrations (e.g., EMC, MFFn) for
accumulated rainfall of 5 and 7.5 mm, were calculated
and compared with the event EMCs (i.e., total EMCs
average). The values for accumulated rainfall selected
for this study (i.e., 5 and 7.5 mm, respectively) were the

typical values use in current sizing of BMPs in Korea.
Nevertheless, the intention of this study is to suggest the
most economical and effective criteria for rainfall that
can be use to establish a general and unified sizing crite-
ria and standard for BMP design in the country.

2. Methods

A parking lot site was selected to evaluate the run-
off concentrations according to the BMP design criteria.
The monitoring site is located in Yong-In City, Kyunggi
Province, Korea. The parking lot is paved with asphalt
and 100% impervious. It has a total catchment area of
10,700 m?. The concentration and flow data from the 22
storm events during June, 2006 to October, 2008 moni-
toring period were used to calculate the pollutant EMCs
of the stormwater runoff from the parking lot land use.
Analyses of typical parameters (TSS, COD, BOD, TN,
TP, heavy metals, etc.) were performed in accordance to
Standard Methods [17].

Aside from the EMCs calculated for all of the events,
the concentrations were also calculated until the rainfall
of selected events reached 5 and 7.5 mm rainfall. This
means that using the time until the 5 and 7.5 mm rainfall,
respectively for EMC calculations, the ratio of first flush
concentration for EMCs were estimated. To quantify the
magnitude of first flush, the MFFn ratio was analyzed
using the equation according to the percentage of runoff
volume for all events [4, 11]. In addition, accumulated
mass ratios for 5 and 7.5 mm accumulated rainfall were
analyzed to express MFFn ratio.

3. Results and discussions
3.1. Monitored rainfall events

The summary of the monitored events is provided
in Table 1. It includes antecedent dry days (ADD), total
rainfall, runoff and rainfall duration, and average rainfall
intensity. ADD varies from 1 to 33 days while the total
rainfall ranges from 0.5 to 51 mm. The average event
rainfall is approximately 16 mm. During the monitoring
period, the rainfall and runoff duration has a minimum
of about 1 h up to a maximum of 12 h. The rainfall inten-
sity averages from 0.2 to 12.1 mm h™. Hydraulic charac-
teristics seem not to be dependent on each other since
events with larger rainfall occur with varying ADD.

3.2. Estimation of EMCs

The concentrations of TSS, BOD, COD, TN, TP, Tur-
bidity, Fe, Pb and Zn were quantified by means of EMC.
Fig. 1 shows the box plot results of pollutant EMCs for all
events. The mean values for EMCs are 54.6 mg L (TSS),
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Table 1
Monitored event data®.

Event date ADD (day) Total rainfall Runoff Rainfall Avg. rainfall
(mm) duration (hr) duration (hr) intensity (mm/hr)
Number of cases 22 22 22 22 22
Minimum 1 0.5 1 14 0.2
Maximum 33 51 11.7 12.3 12.1
Mean 7.3 15.7 45 5.2 2.8
Standard deviation 7.3 17.3 2.8 29 2.7
Coefficient of variation 1.0 1.1 0.62 0.57 097
3SD = standard deviation; CV = coefficient of variation.
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Fig. 1. Statistical summary of EMC in the facility.

15.0mg L* (BOD), 40mg L* (TN), 0.8 mg L™ (TP),
398.0 ug L (Fe), 274.4 ng L™ (Pb), 370.4 ug L' (Zn). The
results is lower compared to the study by [1] which have
115, 35,4, and 1 mg L for TSS, BOD, TN and TP, respec-
tively. The greater the rainfall and rainfall intensity, the
smaller average EMC values were obtained. Because of
long rainfall duration and heavy rainfall, average EMC
value is small. Rainfall intensity, weather (e.g., cumu-
lative seasonal rainfall, ADD, etc.), and geography
(e.g,. land use, degree of imperviousness, soil type and
slope, etc.) therefore found to be responsible for the vari-
ations the values of EMCs.

3.3. Mass first flush ratios

Fig. 2 shows the notched box plots of the MFF,  to
MFF, , ratios for TSS, TN, TP, Fe, Pb and Zn. The bar
plots show the 25% and 75% percentiles (edges of the
bar), the median (notch of the bar), confidence inter-
vals (5%, upper and lower knees), fences, and outli-
ers. For MFFn, the value at the end of the storm is
equal to 1. Values greater than 1 indicate the first

flush. The plots show that the first 10% of the normal-
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Concentrations (ug/L)
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ized volume carries the greatest mass of pollutants.
Among the parameters, TSS exhibited the largest
magnitude of first flush. MFF  for TSS is 1.95, which
means that almost 20% of the TSS mass is washed off
in the first 10% of runoff (both normalized). The MFF
ratio declines as the storm progressed and the MFF,;
and MMF  drop to 1.7 and 1.0, respectively. Based
on the plots of the six parameters, it can be noted that
the first flush peaked at about 30% of the normal-
ized flow which means that the first flush is usually
occurring in the first 30% of the total runoff volume.
Nevertheless, the values of MFF,, were lower than
other results attributed to low rainfall intensity due
to small rainfall depth and short rainfall duration
during the monitoring events [16].

Table 2 and 3 indicate the results of the MFFn value
for accumulated rainfall of 5 and 7.5 mm, respectively.
The MFFn ratio provides a quantitative measure of
the value of treating the early runoff compared to the
remaining runoff [16]. For 5mm rainfall, the mean
percentage of runoff volume is equal to 36.3% while
the mean MMFn for TSS is 1.74 and the total mass load
contained 63.2% of the pollutant. For 7.5 mm rainfall,
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Fig. 2. Notched bar graphs for MFFn ratios (1 = 10 to 100%) for TSS, TN, TP, Fe, Pb and Zn.
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the mean percentage of runoff volume is equal to 41.6%
while the mean MMFn for TSS is 1.63. The total mass
load contained 67.8% of the pollutant.

3.4. First flush design runoff volume criteria

BMPs are usually designed considering water qual-
ity volume (WQV) and can be determined by several
methods. In Korea, this WQV is the first flush design
runoff volume in depth per drainage area multiplied by
the area that is draining into the BMP. The MOE recom-
mends a first flush capture volume of 5 mm of runoff
per drainage area while the MOCT uses 7.5 mm of run-
off per drainage area. These calculations are employed
so that only portion of the runoff (i.e., first flush) will
be treated and captured by the BMP and the remaining
runoff should be bypassed. However, if treatment of the
entire runoff from the site is desired, the average rainfall
depth can be used as capture volume design.

Analysis on the feasibility of using the first flush rain-
fall criteria was incorporated to be able to investigate the
most economical and practical design rainfall that can
be used in sizing the BMP. Table 4 shows the compari-
sons of design ratio among the three rainfall depths for
various parameters. The 16 mm rainfall represents the
average rainfall (see Table 1) and denotes that approxi-
mately all or most of the runoff is to be treated by the
BMP. It might be the “ideal design” but not in fact the
“cost-effective design.”. For simplification, it is assumed

that the 16 mm rainfall is the limit of design, assigning
the ratio of “1,” accordingly.

Asapparent to the BMP size ratio described in Table 4,
there were extremely considerable differences when
using the three rainfall depths. In comparison to using
the 16 mm design rainfall, almost 50% of the BMP size
was reduced if only 7.5 mm is to be use in design and
greatly 70% for 5 mm. However, BMP size reduction
should not be the sole condition for economical design,
it is also important to note the treated mass when
using the design rainfall. Based on the table, by means
of using 5 mm as design rainfall 40% of the pollutant
mass is treatable whereas if 7.5 mm is used, the treated
pollutant mass were slightly higher treating 50% to 60%
of the pollutant mass. Although the ratio of the treated
mass to BMP size between the 5 and 7.5 mm design rain-
fall differs around 10% to 20%, it is safer to design the
BMP using 7.5 mm rather than 5 mm rainfall. It implies
that “cost-effective design” should not only depend on
the economical aspect of WQV (BMP size) but also to the
treatment efficiency of the BMP (treated mass).

4. Conclusions

The first flush runoff criterion is an important factor in
designing BMPs for the proper management and control
of NPS pollution especially in urban areas. MFFn is a use-
ful method to evaluate the magnitude of first flush. Based

Table 2

MFF, for accumulated rainfall of 5 mm.

Parameter n TSS BOD TN TP Fe Pb Zn
Number of cases 16 16 16 16 16 16 16 16
Minimum 2 1 1 097 0.96 1 1 1
Maximum 83 4 29 1.9 19 24 5.2 4
Mean 36.3 1.7 1.6 14 1.34 14 1.6 1.6
95% CI upper 51 2.2 1.8 1.57 1.5 1.6 2 2
95% CI lower 21.6 1.3 1.3 1.24 1.2 117 1 117
Standard deviation 27.6 0.8 0.5 0.3 0.26 04 1 0.77
Coefficient of variation 0.76 0.46 0.33 0.22 0.12 0.28 0.65 0.48
Table 3

MFF, for accumulated rainfall of 7.5 mm.

Parameter n TSS BOD TN P Fe Pb Zn
Number of cases 12 12 12 12 12 12 12 12
Minimum 5 1 1 1 1 1 1 0.96
Maximum 91 3 2.5 1.9 19 2.2 2.8 2.8
Mean 41.6 1.6 1.5 14 1.3 14 1.36 1.5
95% CI upper 59.7 2 1.7 1.6 14 1.6 1.7 1.8
95% CI lower 23.5 1.26 1.2 1.2 1.13 1.15 1 1.14
Standard deviation 28.46 0.58 043 0.3 0.24 0.38 0.5 0.57
Coefficient of variation 0.69 0.35 0.29 0.21 0.19 0.27 0.37 0.38
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Table 4
Comparisons among the three rainfall depths (5, 7.5, and 16 mm) in terms of design criteria for sizing BMP.
Parameter Rainfall BMP size EMC/Avg Treated mass Treated mass/BMP
depth (ratio) concentration (ratio) size (ratio)
(mm) (mg/L)
TSS 16 1 54.6 1 1
7.5 0.5 66.6 0.57 1.2
5 0.3 74.3 043 14
BOD 16 1 15 1 1
7.5 0.5 174 0.54 1.2
5 0.3 19.1 04 1.3
TN 16 1 4.03 1 1
75 0.5 4.64 0.54 1.2
5 0.3 499 0.39 1.2
P 16 1 0.78 1 1
7.5 0.5 0.89 0.53 1.1
5 0.3 0.94 0.38 1.2
Tot Fe 16 1 0.31 1 1
75 0.5 0.35 0.53 11
5 0.3 04 04 1.3
Tot Pb 16 1 0.22 1 1
7.5 0.5 0.24 0.51 1.1
5 0.3 0.27 0.38 1.2
Tot Zn 16 1 0.3 1 1
7.5 0.5 0.34 0.54 1.1
5 0.3 0.37 0.39 1.3
on 22 monitored storm events in a parking lot land use [3] J.H. Lee, KW. Bang, L.H. Ketchum, J.S. Choe and M.]. Yu, First

site, the MFFn was analyzed according to runoff volume.
The EMCs and pollutant concentrations at 5 and 7.5 mm
accumulated rainfall were estimated for the treatable run-
off. Based on the findings, the treatable runoff volume are
36.3% and 41.6% using 5 and 7.5 mm, respectively. It is
also observed that the treated mass for 5 mm is approxi-
mately 40%, and 51% to 57% for 7.5 mm rainfall. It is
therefore concluded that to be able to design the BMP as
economically and effectively as possible, using the aver-
age rainfall is extremely unnecessary. Likewise, using
5 mm rainfall is supposedly safe but still the quality of
the treated water might not produce acceptable results. It
is best to design the BMP according to 7.5 mm rainfall as
lower limit. This study reflects the general opinions of the
authors and the recommendations stated could be use by
the government or local institutions as reference in devel-
oping the standard guidelines for the design of BMPs.

References

[1] L.H. Kim, S.0. Ko, S.M. Jeong and ].Y. Yoon, Characteristics of
wash-off pollutants and dynamic EMCs in parking lots and
bridges during a storm, Science of Total Environment, 376
(2007) 178-184.

[2] ].Soller, ]. Stephenson, K. Olivieri, ]. Downing and A.W. Olivieri,
Evaluation of seasonal scale first flush pollutant loading and
implications for urban runoff management, Journal of Environ-
mental Management, 76 (2005) 309-318.

[5]

6]

(7]

[9]

[10]

(1]

(12]

flush analysis of urban storm runoff, Science of Total Environ-
ment, 293 (2002) 163-175.

J.5.Ma,S.Khan, Y.X. Li, L.H.Kim, S. Ha, S.L. Lau, M. Kayhanian
and M.K. Stenstrom, First flush phenomena for highways:
how it can be meaningfully defined, Proceedings of the
9th International Conference on Urban Drainage (ICUD),
Portland, Oregon, 2002.

JJ. Sansalone and C.M.Cristina, First flush concepts for
suspended and dissolved solids in small impervious water-
sheds, Journal of Environmental Engineering — ASCE, 130
(2004) 1301-1314.

A. Saget, G. Chebbo and J. Bertrand-Krajewski, The first flush
in sewer system, Water Science and Technology, 33 (1996)
101-108.

J. Bertrand-Krajewski, G. Chebbo and A. Saget, Distribu-
tion of pollutant mass vs volume in stormwater discharges
and the first flush phenomenon, Water Research, 32 (1998)
2341-2356.

L. Vorreiter and C. Hickey, Incidence of the first flush pheno
menon in catchments of the Sydney region, National Confer-
ence Publication — Institute of Engineers, 3 (1994) 359-364.

W. Geiger, Flushing effects in combined sewer systems, Pro-
ceedings of the 4th International Conference Urban Drainage,
Lausanne, Switzerland, 1987, pp. 40-46.

M.K. Stenstrom and M. Kayhanian, First Flush Phenomenon
Characterization, California Department of Transportation,
Sacramento, California, USA, 2005.

Y.H. Han, SH. Lau, M. Kayhanian and M.K. Stenstrom,
Correlation analysis among highway stormwater pollutants
and characteristics, Water Science and Technology, 53 (2006)
235-243.

J.H. Kang, M. Kayhanian, M.K. Stenstrom, Predicting the exis-
tence of stormwater first flush from the time of concentration,
Water Res, 42 (2008) 220-228.



[13]

(14]

[15]

E.]J. Lee et al. / Desalination and Water Treatment 19 (2010) 157-163 163

D.C. Froehlich, Graphical Calculation of First-Flush Flow
Rates for Storm-Water Quality Control, ASCE Journal of Irri-
gation and Drainage Engineering, 135 (2009) 68-75.

Ministry of Environment (MOE), Manual for the BMPs instal-
lation, management and maintenance, Ministry of Environ-
ment, Seoul, Korea, 2008.

Ministry of Construction and Transportation (MOCT), Guide-
lines for the friendly road construction. Ministry of Construc-
tion & Transportation, Seoul, Korea, 2007.

[16] ]J. Barco, S .Papiri and M.K. Stenstrom, First flush in a
combined sewer system, Chemosphere, 71 (2008) 827-833.

[17] AWWA, APHA, WPCE, Standard methods for the examina-
tion of water and wastewater, 18th edition, American Public
Health Association, Washington, DC.





