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Abstract

Several definitions and criteria of the first-flush are being used to assess and control the nonpoint source (diffuse) pollution.
The common consensus is that the first-flush is generally noticed in the small catchments (e.g. < 10 ha) of regular shapes. It
is also considered that 80% of the pollution load can be captured by capturing 30% of the runoff volume, which is assumed
to be due to first-flush of the storm event. However, such phenomenon is uncertain in the considerably large catchments,
principally due to the dilution and delay in transport of the pollutant. This paper critically examines the ‘first-flush’ phe-
nomenon in controlling diffuse pollution based on various studies conducted by the researchers. Based on the review, it can
be inferred that the first-flush may be an effective criterion for sizing on-site treatment facilities for small catchments (with
similar dimensions of length and width), from where the runoff is expected to reach the treatment facility (roughly) at the
same time. However, for the large and elongated catchments with an area covering more than 10 ha, a huge volume of storm
runoff needs to be captured that would make the treatment system large or less effective. As such, for the community and
regional facilities; the presence of the first-flush needs to be confirmed based on the sampling and analysis of data collected
from several storm events of different durations and intensities. Therefore, the use of the first-flush phenomenon should not
be applied for the design of storm runoff treatment facility in large drainage system (say > 10 ha) without on-site monitoring
being conducted. However, it is also recommended to come up with a simplistic approach of designing the best management
practices (BMPs) to capture and treat certain depth of the initial storm runoff (e.g. first 20 mm), which will help reduce the
effect of nonpoint source (NPS) pollution.

Keywords The first-flush - Diffuse pollution - On-site facilities - Runoff pollution - Storm runoff

Introduction

Water resources are polluted due to pollution from various
sources (both from the point and nonpoint sources). The
contribution of annual pollution to the water bodies depends
on the type of landuse in the urban or rural developments.
Studies have reported that annual pollution load due to the
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diffuse pollution sources is substantial (Mamun et al. 2014;
Torno 1984) and certain pollutants (e.g. suspended solids,
chemical oxygen demand, salts, etc.) are discharged more
from the diffuse sources due to storm runoff. As such, the
need for diffuse pollution control deemed to be necessary to
protect the water resources. However, the volume of storm
runoff is huge compared to the wastewater produced from
the urban sources. Therefore, the concept of the ‘first-flush’
separation from the total runoff hydrograph was developed
among the practitioners and authorities such that significant
amount of diffuse pollutants could be isolated for treatment
instead of dealing with the whole volume of runoff during
each storm event. The characteristics of water pollution dur-
ing rainy days largely depend on the type of urban drainage
systems (separate or combined sewer) infiltration of storm
runoff, sewage overflows, etc. (Novotny and Olem 1994). A
common mitigation strategy often recommended for reduc-
tion and management of stream flow and pollution is the
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result of either storage ponds or detention basins. The stor-
age facilities are typically used to capture the initial volume
(few centimetres) of the storm runoff. This idea is found
on the perception that the initial part of the storm runoff
is likely to be the most polluted, a concept known as the
“first-flush’ (FF).

The first-flush phenomenon has been studied for several
different contributing components of urban storm runoff,
including rainwater, roof runoff, surface runoff, discharge
of separate systems, discharge of combined systems and
flow of receiving waters. In light of the diverse definitions
of the phenomenon, and the different sampling strategies
(locations) and methods of data collection often employed,
it is difficult to compare the results and often very different
conclusions derived from various studies on the first-flush
phenomenon in urban runoff. Therefore, the main objective
of this review paper was to gather information on various
first-flush concepts followed in various parts of the world
and critically comment on the concepts. Based on the infor-
mation available in the literature, this paper also made a rec-
ommendation for more efficient use of the first-flush concept
for better control of storm runoff-related pollution.

Concept of first-flush

A first-flush is explained as the occurrence of high pollut-
ant concentration or that occurs within the initial stage of a
rain event. Depending on the rainfall-runoff characteristics,
it can be considered as the initial portion of the storm or
a particular volume of runoff. According to Vorreiter and
Hickey (1994), if the runoff pollution is higher than the dry
day concentration of the pollutograph, the occurrence of the
first-flush can be considered. The pollution loading charac-
teristics of an urban runoff can be categorized as advanced,
lagging, mixed or uniform, as illustrated in Fig. 1 (Griffin
et al. 1980). The traditional approach to determine the exist-
ence of a first-flush is to plot flow versus pollutant load pro-
duced for a single event (Bertrand-Krajewski et al. 1998). A
flushing action is considered as existing, if the contaminant
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loadings yield a curve which lies above a 45° diagonal line
passing through the origin, because the first 50% of the run-
off has transported a greater proportion of pollutant mass.

Previous studies

The presence of the first-flush occurrence has been investi-
gated to study the effects of rainfall intensity, storm duration,
inter-event dry period, on runoff from the roofs, pavements,
parking lots, drains, etc. (Table 1). Besides various classifi-
cations of the first-flush, and different sampling approaches,
ways of data collection, it is tough to relate the results infer-
ences derived from several studies. To determine the occur-
rence of the first-flush, it is needed to know the spreading
of the contaminant load against runoff volume. This kind
of work requires detailed sampling of runoff to establish
reliable relation between pollutant mass and runoff volume.
It will enable to choose the suitable methodology for the
nonpoint source (NPS) pollution control and to calculate
the presence of the first-flush. This review of literature offers
certain components based on a detailed study conducted by
Bertrand-Krajewski et al. (1998) and proposes a hypothesis
for easy handling of the ‘first-flush phenomenon’.

Gupta and Saul (1996) developed site-specific regres-
sion connections to guess the first-flush load of suspended
solids in joined sewer flow using multiple stepwise linear
regression technique. The maximum rainfall intensity, rain-
fall duration, maximum inflow and forerunning dry weather
period were recorded to be the utmost significant parameters
affecting the first-flush load of suspended solids. Sakrabani
et al. (2009) reported biodegradability of organic substance,
related to sewer residues during the first-flush. Oxygen
uptake rate results specified that the maximum biodegra-
dability was associated with the preliminary part of a storm
event. Storm runoff pollution process was investigated by Li
et al. (2007) in an urban catchment with an area of 1.3 km?
in Wuhan City of China. The outcomes indicated that the
pollutant concentration peaks were preceding the peak flows
in all of the eight monitored storm events.

In the Upper Silesian Coal Basin, Gzyl and David Banks
(2007) conducted a case study of Grodziec and Siersza
mines for the ‘first-flush’ phenomenon. They illustrated
that to explain the observed concentrations of sulphate in
the first-flush, amounts of leachable sulphur in the aban-
doned workings of 0.02-0.03% were enough. The runoff
from four dissimilar copper roof surfaces was scrutinized
by Athanasiadis et al. (2010) in fieldwork in order to detect
the presence of the first-flush effect along with its effects. A
reasonable first-flush effect concerning the spreading of cop-
per mass in the roof runoff was found in almost 40% of all
sampled precipitation events. To simulate the erosion from
an organic in-pipe deposit, a previously developed numerical
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model was used by Skipworth et al. (2000) and physical
factors that control the first foul flush in joint sewers were
investigated. Systematic adjustments of physical parameters
indicated that the precise characterization of bed proper-
ties, i.e. the surface erosional strength and its variation with
depth, was more significant than the precise explanation of
the improved hydraulic condition. How the characteristics
of the first-flush events in storm water may influence the
effective management of urban runoff pollution was inves-
tigated by Soller et al. (2005). From this study, the impli-
cation for urban runoff management was that if dissolved
metals are to be addressed primarily, improvement of present
control strategies is required to minimalize pollutant mass
from storms that have an extended antecedent dry period. In
northern Italy, polluted first-flush was examined by Barco
et al. (2008) in an urban catchment having an area of 12.7 ha
and drained by a combined sewer network. The investigation
showed that to treat the peak amount of the initial portion of
the runoff is better than to treat a constant flow rate.

Zushi and Masunaga (2009) launched fixed-point hourly
monitoring in the river during a storm event to study the
impact of first-flush using an automatic sampler. This inves-
tigation demonstrated that a substantial mass of long-chain
perfluoro carboxylates (PFCA) is put off to the Hayabuchi
River during the first-flush phenomenon. Kang et al. (2006)
developed a deterministic model to describe pollutant mass
flow and to use it to have a better design of best manage-
ment practices (BMPs) to treat the first-flush. An optimum
watershed size was discovered in the study to maximize the
first-flush. Thirteen individual urban watersheds were moni-
tored by Lee et al. (2002), which were representing unique
types of suburban and industrial areas, together with other
catchment properties. The effect of the first-flush was found
profuse for few pollutants (e.g. SS) and less prominent for
others (e.g. COD). A mechanistic model was developed by
Massoudieh et al. (2008) to predict the highway runoff pol-
lutographs. It was reported that the pollutant removal rate
might not be proportional to the contaminant concentration
accumulated on the land and building surfaces.

The characteristics and significance of the first-flush from
agricultural areas have been studied by Obermanna et al.
(2009). A concept of nutrient release from the study area
has been introduced by them for conditions, where the first-
flushes are crucial for rivers. They also suggested that the
pollution of the total catchment should be considered. Lee
et al. (2004) analysed four major data sets in wet seasons
in order to study the presence of a seasonal variation in the
first-flush phenomenon. The results revealed that applying
BMPs at the beginning of the wet weather could efficiently
remove more amount of pollutants, compared to uniformly
applied or randomly timed BMPs. Kang et al. (2008) per-
formed simulations to investigate the relationships between
the first-flush (FF) and the time of concentration (z.) by using

Zhang et al. (2019)

References

dry days. The amount of first-flush varied from 26 to 57% of the total run-

areas and of the evolution of metal distribution between dissolved and
off to capture 80% of the pollution load from the roof

The comparison allowed a better understanding of metal transport in urban  Garnaud et al. (1998)
particulate fractions

The first-flush effect is evidently related to rainfall depth and antecedent

Comments

nitrogen, total phosphorus and sulphane from roof runoff

Parameters studied
Metal concentrations

22. First-flush pollution characteristics of COD, ammoniacal nitrogen, total

Table 1 (continued)

No.
21.

’
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a one-dimensional kinematic wave model. They showed a
non-monotone relationship, with very short or long ¢, hav-
ing a low first-flush ratio with a maximum for mid-range ¢.
Pollutant mass distribution against the volume of stormwater
runoff and the first-flush were investigated by Bertrand-Kra-
jewski et al. (1998), in which M(V) curve analysis was used.
The experimental M(V) curves analysis took into account the
intrinsic variability of the first-flush phenomena and appro-
priated the design methodology.

Barbosa (1999) monitored the highway runoff where a
relatively high sorption strength was observed for the infil-
tration pond, implying that infiltration system is good for
treating runoff pollution. A study on typical pollutants in
stormwater sumps in an urban catchment was presented by
Smith (2001). This investigation was a primary step towards
developing an NPS pollution management model for storm-
water sumps that includes hydraulic behaviour for assess-
ing flow, pollutant loads and pollutant removals. Bach et al.
(2010) introduced a method to assess the runoff volume with
the mean pollutant concentrations against a certain increase
in runoff amount, which employs the use of a number of
event pollutographs. The sensitivity of runoff increment and
the significance level was reported negligible. Four sites
were studied by Garnaud et al. (1998) for different periods
in a year within the Paris conurbation at the catchment out-
lets. The comparisons presented an improved understanding
of the metal pollution process in the cities.

Analysis of the first-flush curves

The most widely used method of identifying the existence of
the first-flush is the plot of pollutant mass (M) against runoff
volume (V) as described by Bertrand-Krajewski et al. (1998).
This is considered as one of the fundamental concepts of
defining or identifying the first-flush phenomenon in a drain-
age system. According to this concept, the distribution of
the pollutant mass (M) flow for a storm event in drainage

systems is interpreted by two curves: (1) the hydrograph Q(7)
and (2) the pollutograph C(¢) for any pollutant, where Q is
the runoff rate (m®/s) and C is the pollutant concentration
(mg/L). For a particular drainage area, the curves may differ
from one rainfall event to another. These variations depend
on various factors, e.g. variation in the rainfall intensity
1(1), characteristics of the catchment, inter-event dry period,
amount of dry deposit, the condition of the drainage sys-
tem, pollutant build-up, type of pollutant, etc. To analyse the
first-flush occurrence, a curve is plotted showing the ratio
of cumulative pollutant amount to the total pollutant, with
respect to the ratio of cumulative runoff amount divided by
the total runoff (Bertrand-Krajewski et al. 1998). If there
are n measurements of flow rate Q; and concentration Cj,
time interval Az;, and assuming that Q and C vary linearly
between two measurements, the following M relation (Eq. 1)
can be established, which can be plotted as shown in Fig. 2:

ZL] C,0Ar;
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S o )NS5 (1)
Y QAL 2 Vi

where 7 is the number of data, j is the index from 1 to n and
V. is the discharged volume during the time interval A¢;. In
the past, such M curves were used by other authors (Philippe
and Ranchet 1987; Geiger 1984; Helsel et al. 1979).

Variability of the first-flush curves

Once the receiving water quality target is determined, the
required capture of pollutant mass for treatment is to be
estimated (Bertrand-Krajewski et al. 1995). The M curve
gives the runoff volume to be treated, in order to achieve the
desired quality of the stormwater. For instance, in Fig. 2, to
intercept 80% of the pollutant load, it is required to catch
60% of the runoff for the rainfall event 1 and 86% of the
runoff volume for the rainfall event 2.
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Observations conducted in many drainage systems in the
developed countries show that M curves vary significantly
(Bertrand-Krajewski et al. 1998). A site-specific statistical
method is required to interpret the variability of the first-
flush phenomena. The set of all M curves for an individual
drainage system and one pollutant may exhibit a wide vari-
ation (Bellefleur 1994; Saget and Chebbo 1994; EPA 1993;
Menacher and Augustin 1992). This scatter curve is difficult
to convert into one unique median curve as shown in Fig. 3
(Bertrand-Krajewski et al. 1998).

Numerical analysis of the first-flush curves

Bertrand-Krajewski et al. (1998) proposed that the numeri-
cal analysis and strength of the first-flush could be approxi-
mately done with a power function (Philippe and Ranchet
1987),

FX) =X’ 2

where X ¥ [0, 1], F(0)=0 and F(1)=1. To calculate the
parameter b, six separate drainage systems and six combined
drainage systems were sampled for 197 storm events (Saget
and Chebbo 1995), which are available in the French data-
base QASTOR (Saget 1994) The ‘b’ value of TSS for the
separate drainage systems is presented in Fig. 3.

Factors that affect the first-flush occurrence
Characteristics of the catchment

No general relationship was found between the values of the
parameter b and the surface slope of the catchment, based on

studies of 12 sites from the QASTOR database (Saget 1994).
For areas varying from 7.6 to 4600 ha and slopes ranging

100

Cumulative Distribution %
2

Separate Sewer

---- Combined Sewer

(R ST L A i T S S B A S T A A
t T t t t t t

00 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
Value of Parameter b

Fig.3 Cumulative distribution of parameter b for the M curves for
TSS (Bertrand-Krajewski et al. 1998)
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from 0.5 to 6.5%, no significant relationship was determined.
The value of b varies for identical ranges of large and small
areas and for basins having a mild or steep slope. The value
of b varies from 0.24 to 2.07 for TSS and from 0.27 to 1.40
for COD based on measurements taken from a highway sys-
tem of 1.3 ha (Herremans et al. 1995).

Features of the drainage system

Similar to the watershed slope, the slope of the drain also is
not an important factor. The lower values of b are not related
to any particular slope values. The low values of b can be
clarified with deposit erosion during rainfall events and the
resultant first-flush phenomenon, which is often related to
the drainage slope. However, the complexity of the phenom-
ena is increased due to the contradictions reported in the lit-
erature and also because of the failure to explain the value of
b by one single parameter. One concept is that the first-flush
occurs very often in drainage systems with a steep slope.
The other idea is that it happens more frequently if erodible
deposits are present in the drainage, which happens with a
mild slope or with small flow rate drainage systems (Geiger
1987; FNDAE 1988; EPA 1993). These two conflicting cri-
teria reveal that it is very difficult to estimate the values of b
with respect to the slope of the drainage system (Menacher
and Augustin 1992).

Characteristics of rainfall events

Duration of the antecedent dry period, depth of rainfall, the
highest rainfall intensity over 5 min were not found to be
commonly related to the parameter ‘b’ (Saget 1994). Some
variable relationships were observed occasionally for some
watersheds. These findings are consistent with the results
of Geiger (1984) according to which there is no type or a
form of storm event that tends to have low or high values
of b. However, M curves can be closer to the bisector (the
first-flush divider in Fig. 2) for hyetographs having several
successive peaks compared to the case of simple single-flow-
peak hyetographs (Menacher and Augustin 1992).

The relationship between the first-flush and length of
the antecedent dry period has been described weak by Gei-
ger (1987). On the other hand, Saget and Chebbo (1995)
observed that when high rainfall and antecedent dry periods
happen together, it tends to lower the value of ‘b’.

Inadequacies in the first-flush definitions

Several definitions of the first-flush are cited in the literature,
which is already mentioned in Introduction of this paper.
Even though many authors are using the same term the
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“first-flush’, the definitions have distinct meanings from one
another, which creates an indecisive situation.

Two main aspects have been considered by Bertrand-
Krajewski et al. (1998) to analyse the past first-flush criteria:

e Clear expression and quantification of the first-flush phe-
nomenon;

e Interception of the contaminant mass, as this is the most
important element for the first-flush definition.

Assessment of the 30:80 first-flush frequency

According to this concept, the M curves make it possible
to also calculate the frequency of 30/80 first-flush. This
is explained by the ratio of the number of curves having a
first-flush to the total number of curves detected during a
period of more than 6 months, for a certain catchment and
an assembly of a representative set of curves and to estimate
the first-flush frequency. By analysing runoff data from 662
storm events from the combined drainage system in Ger-
many, Geiger (1984) demonstrated that a first-flush defined
by an M curve and the bisector (the first-flush divider in
Fig. 2), occurred for TSS 25% of the rainfall events for TSS
and for other pollutants 15%.

New definition of the first-flush phenomenon

A new technique has been proposed by Bach et al. (2010)
to detect the first-flush event. This new technique involves
the following steps:

1. Determining the runoff increment depth, which is called
the slice size, and analysing the event with respect to the
slices.

2. Estimating the mean concentration of pollutants for each
slice.

3. Constructing box and whisker plots for each slice to
characterize each slice with respect to the distribution
of mean pollutant concentration.

4. Categorizing the slices of similar characteristics.

5. Detecting the first-flush by determining the initial and
background concentration of the catchment.

The background concentration refers to the concentration of
the last group of slices if arranged in descending order. A
first-flush is absent if all the slices can be merged in a single
group. On the other hand, if there are different groups of
slices, a first-flush occurrence is present.

However, in this new technique, a new term ‘background
concentration’ has been introduced, though the significance
of this term is not clear. The background concentration of a
particular catchment can be higher than that of the desired
water quality. Again, to reach the background concentration,

it might require 90% or more of the runoff volume, which
will yield no practical application of the term. Furthermore,
slices of the same group might come from a different period
of time during an event. If so, then it is required to have a
tool to determine the temporal distribution of the slices so
that the required runoff portion with respect to time should
be treated. However, this tool is missing in this analysis tech-
nique, and this method is difficult to apply for BMPs design
and operation.

Recommendations for further investigation

Earlier in the paper, factors affecting the first-flush occur-
rence have been discussed, which revealed that there are
conflicts among the various studies regarding the first-flush.
Therefore, it is anticipated that some other factors are also
responsible, which have been neglected in the past studies.
To have more reliable results, it is necessary to accumulate
all the data that are likely to affect the first-flush occurrence,
especially the relationship of the first-flush with the catch-
ment area and runoff depth. Based on the experience of the
authors, it seems to be logical and practical to capture first
20 mm of runoff as an easy-to-implement step towards the
control of nonpoint or diffuse pollution from various lan-
duses. We propose the following hypotheses to be explored
so that the first-flush occurrence can be understood more
rigorously but easily applied.

Landuse

In the previous studies, many have talked about the ante-
cedent dry period, but no one has ever mentioned about the
landuse within the study catchment. We propose that pol-
lutant build-up is a function of antecedent dry period and
also housekeeping within the landuse. Catchments having a
larger proportion of lands where anthropogenic activities are
rampant, e.g. construction sites, commercial areas, are likely
to build up the pollutants rapidly. Therefore, even with short
antecedent dry weather period, pollutant build-up might be
higher than a catchment having less anthropogenic activities.

Catchment roughness

A catchment having higher roughness is hypothesized to
retain a portion of the washed-off pollutants before being
discharged into the stream. So, the first-flush occurrence
is less likely to happen in these cases. On the other hand,
wash-off will be higher for a less rough catchment and less
likely to retain pollutants, yielding a high concentration of
contaminants at the beginning of the rainfall-runoff process.
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Shape of the catchment

The shape of the catchment has an influence on the runoff
hydrograph, which in turn influences the nature of the NPS
pollution generated from the catchment area and its first-
flush characteristics. Square-shaped catchment will have
more likeliness to have strong and confirmed first-flush
phenomenon compared to elongated and irregular-shaped
catchments.

Drainage density

Drainage density and type of drains are also important fac-
tors in the occurrence of the first-flush effects. A catchment
with well-organized and high-density drainage system is
more likely to generate confirmed and stronger first-flush
phenomenon compared to a catchment area with fewer
drains.

Catchment cleanliness

It is really difficult to measure the overall cleanliness of a
catchment. However, an urban catchment in a developed
country is supposed to be cleaner than a rural catchment or
an urban catchment in an undeveloped country. An already
cleaned environment is supposed to yield almost constant
pollutant concentration when washed off, meaning that first-
flush is less likely to happen. The opposite is hypothesized
to be true for a dirty catchment.

Simplistic approach to control the effect
of first-flush

Based on the published work, there is no doubt that the ini-
tial portion of the storm runoff carries a high concentra-
tion of pollutants compared to the later part of the runoff.
However, despite a good amount of research conducted, the
question and uncertainty still exist as how much (volume
or depth) of the first-flush should be captured from each
drainage system, in order for the BMPs to be cost-effective,
optimized and efficient. As the main idea of the first-flush
concept is to make the NPS pollution mitigation efficient and
cost-effective, a simplistic approach or hypothesis could be
tested for further study and investigation. As it is evident
that uncertainty and ambiguity exist in the occurrence of
the first-flush in the drainage system (due to various factors
such as topography of the catchment, nature of the drain-
age system and types of pollutant), a simple guideline could
be followed to overcome the challenges and uncertainties
related to the first-flush phenomenon.

The main objective of the simplistic approach would be
to capture a reasonable amount of runoff from the drainage
system for each catchment area. For instance, in order to
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make the NPS pollution control programme easy and effec-
tive, the first-flush of 20 mm runoff can be captured for any
size of the drainage system, which would result in 200 m?
of runoff volume to be captured and treated using the suit-
able BMPs. The total areas to be required for the first-flush
control BMPs would be within 0.5-1.0% of the total catch-
ment area (depending on the type and combinations of the
BMPs). Such simplistic approach would help the authori-
ties of the developing and developed countries reduce NPS-
related pollution, where the NPS pollution is a serious but
unattended or less attended concern. Adopting such simple
approach (instead of current practice of chasing the storm
events, conducting risky sampling, paying for costly testing
and painstaking analysis), the control of NPS pollution can
be achieved at fewer difficulties and the approach would also
be easy to implement compared to going through the argu-
ments and justification required to establish the existence or
absence of the first-flush in the drainage system.

Conclusions

The published works on the first-flush concept of runoff
pollution control are reviewed in this paper. The first-flush
phenomenon is a potent measure for sorting on-site treat-
ment facilities involving typical small catchments. Although
isolation and capture of storm runoff from the first-flush
is considered as a useful measure in controlling nonpoint
source (diffuse) pollutions, some problems still prevail when
controlling pollutions in catchments with an area larger than
10 ha. This paper reveals the inefficiency of the treatment
system when a large volume of storm runoff is captured
from large catchments. Therefore, certain factors such as
the shape and sizes of the catchment, rainfall duration and
intensity of the storm event and the capacity of the drainage
system need to be considered to isolate first-flush from the
total runoff. It is also suggested to investigate the effect of
land cover, landuse, roughness and cleanliness of the catch-
ment on the occurrence of first-flush. Additional studies are
required to determine the optimum runoff depth that should
be captured to make the treatment of the first-flush cost-
effective. As a hypothesis, this paper recommends intercep-
tion of 20 mm runoff depth as a typical limit for the effec-
tive first-flush capture to reduce the nonpoint source from
urban areas. Field studies need to be conducted to validate
the hypothesis proposed in this paper.
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