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Abstract

Non-point source pollution in the impervious surface of city, which including
dissolved and particulate pollutants, is a significant source of water pollution. Simple
first-order decay models can generally simulate the cumulative wash-off process of
the particulate pollutants. There is inadequate knowledge as to whether or not they are
suitable for dissolved pollutants. This study presents a mathematical wash-off model
for dissolved pollutants, which combines analytical equations for overland flows and
the exponential equation for the pollutant wash-off. A series of laboratory experiments
have been conducted to verify this wash-off model. It shows that the pollutant
concentration and pollutant transport rate can be predicted well by the
newly-developed equations. It is found that the pollutant concentration monotonically
decreases to zero as the accumulated pollutants are washed off, while the pollutant
transport rate first increases to the maximum value and then decreases to zero. The
maximum pollutant transport rate is found to increase with the decrease of the arrival
time of the maximum value. The difference between the simplified exponential model
and the amended wash-off equation depends on the initial residual percentage (F.),
but the present equation generally provides a more accurate representation of the

wash-off process of dissolved pollutants.
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1. Introduction

Non-point source (NPS) pollution from urban storm runoff has been studied
intensively since it can give rise to a series of serious environmental consequences
and cause great economic losses (Yao et al., 2016). Ongoing urbanization and
associated increases in impervious surface areas are likely to exacerbate the problem
(Wang et al., 2013). It is widely accepted that pollutants originated from urban
impervious surfaces contribute to the serious deterioration of the receiving water
quality (Brezonik and Stadelmann, 2002; Hou, 2013; Lee and Bang, 2000; Vaze and
Chiew, 2002). Therefore, it is essential to establish an appropriate wash-off model to
understand the pollutant transport processes and design pollution mitigation strategies.

A number of researchers relied on a first-order decay model to interoperate the
observations. The exponential wash-off equation proposed by Metcalf and Eddy Inc
(1971) adopts the assumption that the rate of pollutant wash off from an impervious
surface is proportional to the amount of surface pollutant presently available and the
rate of storm-water runoff. Sartor and Boyd (1972) suggested that the wash-off can
indeed be best replicated using the exponential equation. They also found that
wash-off of particulate matter varies with the particle size distribution and presented
different wash-off coefficients for different particle sizes. Egodawatta et al. ( 2007,
2009) applied such a model to pollutant wash-off on road and roof surfaces, but the
dependence of the wash-off coefficient on particle sizes was not shown. Egodawatta

et al. (2007, 2009) noted that a rainfall event has the capacity (depending on rainfall
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intensity) to mobilize only a fraction of pollutants on the surface. Through these
studies, researchers have gained a generally good understanding of the wash-off
processes on road and roof surfaces. The wash-off model has been widely applied and
verified (Charbeneau and Barrett, 1998; Deletic et al., 2000; Irish et al., 1998; Kim et
al., 2005; Osuch-Pajdzinska and Zawilski, 1998).

The pollutant wash-off process over the ground surface is closely related to the
runoff process. The accurate characterization of the overland flow process is key to
predicting the transport of pollutants. However, many previous studies only focus on
the cumulative wash-off process of pollutants but overlook the detailed runoff process.
For a constant rainfall event, previous studies simply equate the rate of storm-water
runoff per unit area to the rainfall intensity when applying the exponential wash-off
model. Obviously, such a treatment is inappropriate at the initial rising stage of the
runoff process. The initial part of the surface water runoff is associated with the first
flush, which generates disproportionately high concentration of pollutants and thus
rapid degradation of water quality during the rising limb of the runoff hydrograph. In
addition, there have been limited studies (Xiao et al., 2016) to investigate the detailed
mechanism of the transient processes of the pollutant concentration and the pollutant
transport rate overall a small-scale uniform-slope surface. The wash-off equation may
describe the process at a small catchment, but it cannot explain the pollutant
concentration and pollutant transport rate runoff processes at a large catchment scale
with multiple sources and transport rates. Xiao et al. (2016) suggested that the

pollutant concentration and pollutant transport rate should be related to the rainfall

http://mc.manuscriptcentral.com/hyp



OO NOOOWH~OWDN —

10

11

12

13

14

15

16

17

18

19

20

21

22

Hydrological Processes

intensity, surface roughness, bed slope, catchment dimensions and initial amount of
pollutant on the surface.

Furthermore, most existing studies focused on the particulate matter with the
general assumption that most of stormwater-generated pollutants are adsorbed to solid
particles (Sartor and Boyd, 1972; Sheng et al., 2008). However, stormwater-borne
pollutants can also be in dissolved as well as particulate phases. There is inadequate
knowledge as to whether or not the exponential wash-off model can be applied to

dissolved pollutants. The difference in the transport of dissolved and particulate

pollutants can be large, due to their different physical-chemical properties. Sheng et al.

(2008) noted that the difference between dissolved and particulate pollutants has
rarely been recognized for urban watersheds. Particulate pollutants are commonly
regarded as the primary pollutant source in the urban environment, but the
contribution from dissolved pollutants can be significant (Sansalone et al., 1996;
Miguntanna et al., 2013). Goonetilleke et al. (2005) suggested that targeting
particulate pollutants alone may not be effective in stormwater treatment.

The objective of this paper is to develop and test a mathematical wash-off model
that better describes the transport of dissolved pollutants. To do this, an empirical
wash-off model which combines the analytical solution of overland flow and the
exponential wash-off equation has been developed to predict the pollutant
concentration and pollutant transport rate. Next, a series of laboratory experiments,
involving different rainfall intensities, surface roughness, bed slopes and initial

amount of pollutants on the ground, have been conducted using rainfall simulators and
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uniform-sloped idealized catchments to verify the amended wash-off model.

2. Mathematical model

Pollutant wash-off from an impervious surface is commonly modelled by an
exponential equation proposed by Metcalf and Eddy Inc (1971):

W, = W (1- ™) M
where W, is the amount of material having been removed in time ¢ (kg); W, is the
initial mass of the material on the surface (kg); % is the wash-off coefficient (m™); ¢
is time (s); and ¥, is the cumulative runoff depth since the start of rainfall (mm) that
can be calculated by:

V= jo rdt )
where r=Q, / A is the rate of storm-water runoff per unit area (m/s); O, is the
runoff rate at time 7, with the units of m’/s; and A4 is the area of watershed, with the
units of m’.

For an unceasing constant rainfall event, the hydrograph displayed an initial
rising limb, followed by a constant flow discharge which is equal to the rainfall input,
1.e., as described by the rational formula. At the initial rising runoff process, r 1is
smaller than 7 (the rainfall intensity, with the units of m/s). Only at the plateaued
stage of the rainfall runoff, » is equal to 7. As mentioned before, some previous
studies simply equate the rate of storm-water runoff per unit area to the rainfall
intensity during the entire rainfall runoff process when applying the above exponential
wash-off model. If we adopt such a crude approximation, however, it will result in a

contradiction. If »=1 , Eq. (1) can be expressed as:

6
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W, =Wy (1-e¢) (3)
Taking the derivative of Eq. (3) with respect to time, we can obtain the
formulation of the pollutant transport rate:

aw,

M, =
dt

= Wykle ™ 4)

This pollutant flow rate can also be calculated using the following equation (Kim et
al., 2005).

M, = CO, ®)
where C, is the pollutant concentration at time ¢.

From Eq. (4), we can conclude that M, is maximum at ¢# = 0, and then
gradually decreases to zero. However, the runoff rate should be zero when the water
flow rate is zero. According to Eq. (5), the value of M, should be zero rather than a
maximum, as O, = 0.

The transport of pollutant is closely related to the overland flow process. Thus,
the accurate quantification of the overland flow process is key to predicting the
transport of pollutants. Numerous studies have developed numerical models to
simulate the one-dimensional overland flows over a rectangular catchment (Liang et
al., 2015; Gottardi and Venutelli, 1993, 2008; Jaber and Mohtar, 2003), and the results
show that these models match well with the analytical solution of a kinematic wave
model in idealized situations (Stephenson and Meadows, 1986). The analytical

solution can be described as:

7 = [L/ (a]'"*l)]l/m (6)
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1 q,:a(h)m:a(lt) , 0< <y, @)

2 g =a(h) =a(lt) =L , 1, <t<T (8)

OO NOOOWH~OWDN —

3 g = LI - I"a"g"™"" (1 -T) , T <1t 9)
17 4 O =B (10)
14 5 where 7, is the time of concentration (s); 7 is the rainfall duration (s); L 1is the
16 6 length of the watershed (m); B is the width of the watershed (m); ¢, is the unit
19 7 width flow rate (m%/s); % is the water depth (m); o can be defined as overcurrent
capability coefficient (m'?/s); m is a dimensionless water depth index. The two
24 9  coefficients, ¢ and m, in the above expression can be derived using the Manning
26 10  equation:

29 11 a = S[,l/2 [ n; m=5/3 (11)
12 with »n being the Manning roughness coefficient (m'”s) and S, being the bed
34 13 slope.

14 Taking the derivative of Eq. (1) with respect to the cumulative runoff volume, we
39 15 can acquire the pollutant concentration C, in the rainfall-runoff event over the
16  impervious surface of area 4 :

1 dw, Wk .y
dar T4l T o (12)

17 C =
A4 dv,

A8 18  where C, is the initial concentration in mg/L.

50 19 For a constant rainfall event over an idealized catchment, we can acquire the
53 20  formulation of pollutant concentration and pollutant transport rate at different stages
55 21  through the manipulation of the above equations.

58 22 Stage 1 is when 0 < ¢ < ¢,. Combining Egs. (2), (7), (10), (11), and (12), we
59 g
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obtain the formulation of C,:

23 ka3

C = Coe ® (13)

Combining Egs. (5), (7), (10), (11) and (13), we obtain the formulation of M, :

S et
M, = aBC, (lt) e ® (14)
Integrating Eq. (14) over time, we obtain:
N\t \ t 5 parts Brari3ss
VVI‘ :00 Mrdt :00 aBCO (It)3 e’ dt = m) = m)e g (15)
3 har 3 _
We define 2 = e ® , s0 Eq. (15) can be written as follows:
W, =W (1-R) (16)

From Eq. (16), we can conclude that F represents the percentage of pollutants
remaining on the watershed at time 7. We can obtain the value of £, at 7 = 7. and

define it as initial residual percentage (F,).

%ka[lf/%f/s —%k(L[/a)s/ i

P(_‘ = e = e (17)

Stage 2 corresponds to 7. < ¢ < T'. At this stage, the runoff rate is a constant

Al . 'V, can be calculated by Eq. (18) as:

1 1 (e 1 ¢t 3 /5
ho=gloa =g oa 2] o =S a)QEf 1) a8

Combining Egs. (12) and (18), we obtain the formulation of C;:

C, = Coe # N H) o p ) (19)
Combining Egs. (5) , (8), (10)and (19), we obtain the formulation of M, :
M, = AP T (20)
Integrating Eq. (20) over time, we obtain:
W, =W, + [ Mar =W, (1 - Pce’k’(”’f)) Q1)

In the following study, we only consider the condition that the rainfall duration is
9
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sufficiently long such that there is little pollutant remaining on the watershed after the
rainfall stops. Hence, the pollutant washed off after the rainfall has stopped is

neglected.

3. Laboratory experiments

In this study, a series of laboratory experiments have been conducted to
investigate various combinations of influencing factors. The experimental set-up is
shown in Photographs (a) and (b) and in Fig. 1, which mainly consists of a small-scale
catchment beneath a rainfall simulation system. A V-shaped flushing board is applied
in this rainfall simulation system to guarantee the constant rainfall intensity. The
V-shaped flashing board remains in an ‘off” state until the steady rainfall state is
achieved. Water nozzles are located 17 m above the model catchment. The rainfall
intensity ranges from 20 mm/h to 200 mm/h, with the rainfall uniformity of over 0.9
over an area of 15.6 m in length and 12.6 m in width. The rainfall non-uniformity
mainly occurs at the boundaries, which can be largely eliminated by placing the
catchment at the center of the hall. The catchment consisted of two wooden boards
(2.96 m length, 1.4 m width and 0.02 m thick) sit in a steel flume that allows the angle
of the boards to be adjusted via a hydraulic system, as shown in Fig. 1. The main
reasons for choosing the wooden boards are: (a) they are light and easy to handle; (b)
they are not easy to be deformed for high strength; and (c) their surface can be treated
easily. Three short walls with the height of 4 cm are fixed on three sides of each board
so that water can only leave the idealized catchment at the downstream end. The

10
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boards are identical with the exception of surface roughness. Hence, one is referred to
as the S-board (smooth) and the other is the R-board (rough), with the exact roughness
values determined later on according to the experimental runoff results. There are
numerous tiny holes at the bottom of the flume to allow rainwater landing on the gap
between the flume and board (defined as gap flow) to freely drain off.

In this study, the slope is set at 1°, 2° and 5°, respectively. Three constant rainfall
intensities are tested according to the optimal operation range of the rainfall
simulators, which are 40 mm/h, 80 mm/h, and 120 mm/h. Each rainfall lasted for 29
minutes. Similar to Deng et al. (2005), sodium chloride (table salt) is used to represent
the diffuse pollutant for its wide availability and ease of use. The grain size of the salt
crystals is between 0.27 mm and 0.36 mm. At the beginning of each experiment, salt
is spread uniformly on the wooden board surface. To ensure the uniformity of
distribution, each board is divided into 50 (5%10) small squares and the same amount
of salt (either 5 g or 2.5 g, weighted on an electronic scale) is uniformly applied
within each square. Considering the fine salt grains and the tiny amount applied, it can
be assumed that the salt dissolve instantly during the rainfall. In this paper, we limit
our idealized study to conservative dissolved materials, but do not consider chemical
reactions or the co-existence of dissolved and particle phases of the pollutant. Details
on the sample collection and data recording of the runoff water and pollutant can be

found in Xiao et al (2016).

11
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4. Comparison between the analytical and experimental results
4.1. Determination of free parameters

The wash-off coefficient £ and the coefficient « are the two key parameters
in this study. Egodawatta et al. (2007) noted that the wash-off coefficient & is crucial
in controlling the applicability of the wash-off equation. The value of k& may vary
with the rainfall intensity, pollutant type and the physical characteristics of the
catchment (Alley, 1981; Millar, 1999). Eq. (11) indicates that the coefficient « is
only related to physical characteristics of catchment but is irrelevant to the pollutant
and the rainfall intensity. The value of « for each rainfall event can be determined
by data fitting of the initial rising runoff process using Eq. (7). In Eq. (7), we take the
measured average rainfall intensity as the value of / in each experiment. For the
identical board with the same slope, we take the same value of « . The time of
concentration #. for different rainfall events can be calculated using Eq. (6). The
Manning roughness coefficient » can be deduced from Eq. (11) once the value of
o is determined by fitting the experimental data. Up to this point, we have obtained
the values of all unknown parameters except for the wash-off coefficient 4. By data
fitting of the experimental results of the entire pollutant transport process, we can
finally obtain the value of k.
4.2. Water runoff process

The use of rainfall and small idealized catchment simulators enables the
generation of a large quantity of data in a relatively short period of time. The duration
of the rainfall in our experiments is much greater than the time of concentration, so

12
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the hydrograph is basically a S-curve. In Figs. 2 and 3, the first 10 minutes of the
hydrographs are presented for clear visualization of the rising limb of the S-curve
under different conditions. In the figures, S-40-1° refers to the smooth board, 40
mm/h rainfall intensity and 1° slope and similar convention applies to other notations.
Figs. 2 and 3 demonstrate that the runoff processes can be predicted well by the
analytical equation. Table 1 lists some quantitative information about the hydrographs,
including the analytical time to plateau, analytical runoff rate at equilibrium, the mean
and standard deviation of the measured flow at equilibrium, while Table 2 lists the
values of o and » in different conditions. Their variation with the slope implies
that the flow is not entirely hydraulically rough and thus the roughness coefficient
depends on the Reynolds number of the flow. Comparison among the runoff processes
in different conditions indicates that smaller rainfall intensity, milder ground slope or
larger surface roughness leads to larger time of concentration. The same conclusion
can be drawn from Eq. (6) and is consistent with numerous previous researches
(Gottardi and Venutelli, 1993, 2008; Jaber and Mohtar, 2003; Liang et al., 2015; Xiao
etal, 2016).

This study focus on the rainfall runoff over a small uniform catchment. For a
large real urban catchment, there are many spatially-varied influencing factors that
have an impact on the rainfall runoff process, such as buildings and vegetation. It is
difficult to use a one-dimensional model to accurately simulate the response of a large
real-world catchment. However, a large real-world catchment can be divided into
many sub-catchments with uniform ground features and rainfall intensities. Therefore,

13
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the rainfall-runoff process of the whole catchment can be predicted by summing up

the runoff processes of the sub-catchments.

4.3. Pollutant concentration

Pollutant concentration is one of the most important indicators for evaluating the
water quality, so its variation during the rainfall is studied in detail here. The
comparisons between the measured and predicted pollutant concentration under
different conditions are displayed in Figs. 4-7. Table 3 lists the values of & and P.
determined for different rainfall events. The experimental data for the smooth board
achieve a better agreement with the analytical solution during the initial process than
those for the rough board. It may be related to the limitations of the water runoff
solution adopted in the analytical solution, as Govindaraju et al.(1992) noted that the
kinematic wave approximation is more suitable for smooth and steep surfaces. Overall,
the pollutant concentration variations are predicted satisfactorily with the present
analytical model. In each condition, the pollutant concentration decreases with time,
approaching to almost zero after several minutes. The pollutant concentration is
highest at the beginning, corresponding to abundant material available over the
catchment surface and a small flow rate. The pollutant concentration drops slowly at
first, and then decreases rapidly before slowing down again towards zero. The water
runoff rate is small in the initial stage and then increases rapidly to the equilibrium
value. As time progresses, the amount of pollutant remaining on the surface drops.

These figures show that the rainfall intensity, bed slope, surface roughness and initial

14
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amount of pollutant all exert some degrees of influence on the concentration
variations. Generally, the initial pollutant concentration increases with the increase of
the rainfall intensity, increase of the bed slope, and decrease of the surface roughness.
However, opposite trends are observed later on between the magnitude of the
concentration and various parameters. As salt is a conservative substance, the total

amount of the pollutant runoff is equal to the initial amount placed over the board.

4.4. Pollutant transport rate

The pollutant transport rate is another important indicator for quantifying the
pollutant wash-off process. It is defined as the flow rate of the pollutant washed off
the catchment. The measured and predicted pollutant transport rates, under different
conditions, are shown in Figs. 8-11. It is evident that the variations of the pollutant
transport rate under different conditions follow a similar single-peaked trend. Each
curve consists of a steep rising limb at the beginning and a sharp falling limb towards
the end. The pollutant runoff rate always starts from zero, and then reaches the peak,
followed by the stage of declining to zero. The maximum pollutant transport rate in
each condition is related to the rainfall intensity, ground slope, surface roughness, and
the initial amount of pollutant. The pollutant transport rate always reaches a maximum
either within or at the end of the initial rising hydrograph period, because Eq. (20)
indicates the decreasing trend of the pollutant transport rate at the plateaued runoff
stage. Therefore, we can formulate an expression for the maximum pollutant transport

rate as follows.

15
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Taking the derivative of Eq. (14) with respect to time and equating it to zero, we

can acquire the time corresponding to the peak pollutant runoff (z,).

aM 2 3, s 5 58
L = aBGlre ® o [5 — kal'I’ | = 0

5 3/8
f, = [SL/ [31(0513]] (22)

If 7, < ., then the time when reaching the maximum value is 7,, and

3

5/8
M. = BC, [suas i (3ek)]

If #, > t,, then the time when reaching the maximum value is 7,, and
M = ACJP. = kW, IP.
The predicted maximum pollutant transport rates are listed in the Table 4 in the

different conditions.

According to Figs. 8-11 and Table 4, the maximum pollutant transport rate
increases with the rainfall intensity and ground slope, but decreases with the surface
roughness. Obviously, the larger the maximum pollutant transport rate, the shorter the
time taken to arrive at the maximum value. Both the analytical solution and
experimental results suggest that the pollutant transport rate is proportional to the

initial amount of pollutants available on the surface.

4.5. Cumulative wash-off percentage
The cumulative wash-off percentage, F,, can be expressed as:
B, = W,/W, (23)

The equation is based on the assumption that all the available pollutant is washed off

16
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the surface after sufficient time. In practice, it is difficult to remove all of the
pollutants from the surface. The final value of P, should be less than 1 in most cases.
The mathematical model for the wash-off process of particulate matters has been
modified by Egodawatta et al. (2007), who suggested that a rainfall event has the
capacity to mobilize only a fraction of the solids on the surface. The capacity can be
quantified by a separate parameter. For dissolved pollutants, such an argument may
not be suitable because the dissolved pollutants should be totally removed from the
surface after an adequate duration regardless of rainfall intensity. However, only a
fraction of pollutant on the surface can be collected mainly because of splashing,
small leakage, etc. In order to match the experiment results and the analytical solution,
we take the total collected pollutants in the end from the surface as #,. In a similar
way to the derivations in previous sections, we change the above mathematical

equations into:

<t <Lt (24a)

=
Il
Il
|
e TN
[a—
|
S |
®|w
bl
]
[
R
@€
=
3
Py
N A
(=)

A W i (24b)

where the parameter F, signifies the fraction of pollutant collected and W. is the
total pollutants applied in each rainfall event (125g or 250g). Figs. 12-15 illustrate the
measured and predicted wash-off processes. It shows that the value of F. in this
study fluctuates within a small range from 0.87 to 0.975. The average value of F, is
0.933, which indicates that around 93.3% of the total pollutants were collected from
the surface in the end.

17
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5. Discussions

As mentioned above, some researchers (Egodawatta et al., 2007, 2009; Sartor and
Boyd , 1972) simply take the rainfall intensity to be the same as the rate of
storm-water runoff per unit area when applying the exponential wash-off model. In
some cases, the simplified wash-off model is found to match well with the
experimental results. It should be noted that those studies focused on the cumulative
wash-off only. The difference between the simplified wash-off model and the
improved wash-off equations developed in this study lies in the treatment of the initial
rising runoff process. The level of the difference can be measured by the difference in
the cumulative wash-off percentage at time ¢.. According to Eq. (3), we can acquire
the formulation of the percentage of total pollutant remaining on the surface F., at

time 7.. When applying the simplified wash-off model, it turns out that:

3/5

P, = e = ¢ FHle) (25)
Comparing the above equation with Eq. (17), it is obvious that:
B, = B¥ (26)

The difference in the cumulative wash-off percentage at time /. can thus be
expressed as:

AP =(1-P)-(1-R)=PR-E" 27)

Taking the derivative of Eq. (27) with respect to P. and equating it to zero, we

can acquire that the value AP reaches the maximum of 34.7% when P, is about

55.5% . When the value of P. is greater than 55.5%, AP decreases with increasing

P.. When the value of P, is less than 55.5%, AP increases with increasing P . As
18
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seen in Table 3, the value of P. in this study varies from 28.7% to 77.5%, which
means that 71.3% to 22.5% of total pollutants are washed off at the time of
concentration. It suggests that the initial wash-off process is vital for dissolved
pollutants. Based on the values of P as shown in Table 3, the values of AP
calculated is between 25.1% and 34.7%. This analysis indicates that using the
simplified wash-off model to predict such a dissolved pollutant wash-off process may
cause large inaccuracies.

The value of B is a crucial factor in controlling the applicability of the
simplified wash-off model. According to Eq. (17), the value of P. is related to £,
o and the maximum unit-width discharge (7). Comparing the exponents of each
factor, it can be seen that the wash-off coefficient %4 is the dominant factor. In this
study, k£ varies from 0.63 to 1.93 mm™. However, the values of & observed for
particulate pollutants on road and roof surfaces are 8<10* mm™ and 9.33x10° mm"™
respectively (Egodawatta et al., 2007, 2009), which are significantly smaller than
those in this study. It can be mainly attributed to the pollutant type and catchment
properties, such as surface roughness and slope. Using the value of & observed for
road and roof surfaces (Egodawatta et al., 2007, 2009) while keeping the other
parameters in this study unchanged, we can calculate that the values of P. for road
surface and roof surface are greater than 99.9% and 98.9%, respectively. Furthermore,
the maximum AP on road and roof surface are 0.15% and 1.72%, respectively.
Hence, the difference between the simplified wash-off model and the newly-proposed
wash-off equations becomes very small when predicting the particulate pollutant
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wash-off process. This may be the reason why previous researchers found that the
simplified wash-off model matched with their experimental results well.

During the initial stage of the rainfall-runoff process, the runoff rate is small and
the particulate matter is not easy to be mobilized, thus only a very small amount of
pollutant is washed-off at the initial stage. On the contrary, the dissolved pollutant is
easier to be washed off and a significant proportion is washed off at the initial stage.
Therefore, it is much more appropriate to simulate the wash-off process of dissolved

pollutants using the amended wash-off equations developed in this study.

6. Conclusions

The mathematical wash-off equations for water and dissolved pollutants over
small impervious catchments have been presented in this study. Through these
wash-off equations, the variations of the pollutant concentration and pollutant
transport rate are derived. To verify these equations, a series of laboratory experiments
have been conducted. Our results show that the pollutant concentration decreases with
time and its magnitude depends on the rainfall intensity, surface roughness, bed slope
and initial amount of pollutant on the surface. The variation of the pollutant transport
rate with time consists of an initial steep-rising stage and a subsequent
sharp-decreasing stage. The larger the maximum pollutant transport rate, the shorter
the time to reach the maximum value. Comparison of measured and analytical results
shows that the pollutant concentration and the pollutant transport rate can be correctly
described with the new wash-off equations developed in this study. In addition, we
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illustrated that the degree of difference between the previous simplified wash-off
model and newly-developed wash-off model depends on the value of P.. The
wash-off coefficient & is the dominant factor influencing P . Our analysis confirms
that the initial wash-off process is crucial for dissolved pollutants, although it might
not be important for particulate pollutants.

This study focuses on the water and pollutant runoff over small-scale,
uniform-sloped and impervious surfaces. It is further assumed that the rainfall and the
initial conservative pollutant distribution are uniform over the surface. We investigate
the fundamental principles of the diffuse pollutant wash-off in this simple idealized
scenario. Upscaling is a main challenge in hydrological analyses. A practical
catchment is much more complicated with spatially and temporally varied rainfall
intensity and ground features, but it can be divided into many small sub-catchments.
In each sub-catchment, the ground slope can be assumed constant and the rainfall can
be assumed uniform. The present study is expected to be useful for specifying the
pollutant transport process in the sub-catchments, which can then be combined to
construct the response of the entire catchment. Such a standard hydrological approach
will encounter an extremely large number of free parameters, making it difficult for
model calibration and verification. The advancement in modern surveying technology
will partly ease this problem by feeding the model with large volume of accurate

field-surveyed data.
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Figure and table captions

Figure 1. Experiment set-up
Photograph (a): the wooden board

Photograph (b): the rainfall simulator, the steel flume and the plastic tent at one end of the flume

was for collecting runoff water samples

Figure 2. Close-up of the initial runoff rate for smooth board

Figure 3. Close-up of the initial runoff rate for rough board

Figure 4. Measured and predicted pollutant concentration (smooth board, total salt of 250g)
Figure 5. Measured and predicted pollutant concentration (rough board, total salt of 250g)
Figure 6. Measured and predicted pollutant concentration (smooth board, total salt of 125g)
Figure 7. Measured and predicted pollutant concentration (rough board, total salt of 125g)

Figure 8. Pollutant transport rate for monitored and modeled results (smooth board, total salt of
250g)

Figure 9. Pollutant transport rate for monitored and modeled results (rough board, total salt of
250g)

Figure 10. Pollutant transport rate for monitored and modeled results (smooth board, total salt of
125¢g)

Figure 11. Pollutant transport rate for monitored and modeled results (rough board, total salt of
125¢g)

Figure 12. Observed wash-off and performance of wash-off equation (smooth board, total salt of
250g)

Figure 13. Observed wash-off and performance of wash-off equation (rough board, total salt of
250g)

Figure 14. Observed wash-off and performance of wash-off equation (smooth board, total salt of
125g)

Figure 15. Observed wash-off and performance of wash-off equation (rough board, total salt of
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125g)

Table 1 Key information about the hydrographs in various experimental conditions

Table 2 Estimated values for ¢ and »n

Table 3 Estimated values for £ and P.

Table 4 Estimated values for maximum pollutant transport rate
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Photograph (a): the wooden board
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Board

Parameters

Rainfall intensity - Catchment slope
40-1 402 40-5 80-1 802 80-5 120-1 120-2

120-5

Predicted
time to
plateau

(min)
Analytical
runoff rate
at plateau
(mL/s)
Measured
mean flow
rate (mL/s)

Standard

deviation
(mL/s)

1.69 150 099 121 099 0.69 1.06 0.69

5825 5567 62.09 9504 99.10 101.39 154.11 144.90

5820 5552 62.01 9493 99.08 101.13 153.94 14486

224 233 306 192 234 270 545 6.99

0.54

158.32

158.23

57

Predicted
time to
plateau

(min)
Analytical
runoff rate
at plateau
(mL/s)
Measured
mean flow
rate (mL/s)

Standard

deviation
(mL/s)

22 144 131 148 145 0.83 1.24 0.9

5899 6352 6255 97.04 96.88 101.69 154.00 147.27

58.69 6350 6225 96.72 9635 101.36 153.47 147.38

202 294 351 192 257 401 4.80 4.62

0.62

156.32

156.35

5.28
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Table 2 Estimated values for ¢ and »n

Test conditions

Parameters

S-1° §-2° S-5° R-1° R-2° R:5°
a (m's') 24294  3.6969 7.7232 1.6962 3.1129 6.3127
n (sm?) 0.054 0.051 0.038 0.078 0.060 0.047
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Hydrological Processes

Table 3 Estimated values for £ and P,

Rainfall intensity - Slope

Board Parameters

© -1 40-2 40-5 80-1 80-2 80-5 120-1 120-2 120-5

—_ k(mm') 122 111 193 132 153 166 083 1.8 151

. P. (%) 544 651 605 412 454 561 474 287 502
s kmm') 131 089 1.8 103 125 143 101 145 1.74

P. (%) 501 714 613 495 512 605 409 378 451

550 k(mm") 084 137 096 105 063 122 075 107 132

o P. (%) 59.1 679 766 414 694 616 428 442 51.1
15 k(mm') 086 088 085 075 085 1.04 064 121 1.04

P. (%) 567 716 775 529 607 664 49.1 40.1 588
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Table 4 Estimated values for maximum pollutant transport rate

Hydrological Processes

Rainfall intensity - Slope

Board o Parameters
) 0-1 40-2 40-5 80-1 80-2 80-5 120-1 120-2 120-5
t, (min) 1.69 150 099 121 099 069 106 0.69 0.54
250 t. (min) 1.67 133 082 138 105 067 1.13 090 0.56
: M (g/s) 215 216 288 285 354 481 333 386 641
t, (min) 1.56 1.67 089 130 103 072 1.00 077 0.51
125 t. (min) 1.67 133 082 138 105 067 1.13 090 0.56
M (g/s) 1.11 091 198 138 166 234 164 213 331
t, (min) 220 144 131 148 145 083 124 090 0.62
250 ¢, (min) 207 139 092 169 118 076 141 1.00 0.64
i M (g/s) 1.63 188 213 234 218 407 275 387 5.60
t, (min) 208 164 129 168 128 089 134 086 0.68
125 t. (min) 207 139 092 169 118 076 141 1.00 0.64
M (g/s) 087 088 107 107 126 191 130 2.03 259
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