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This paper presents the formulation and validation of the conceptual Runoff Quality Simulation Model (RQSM) that was
developed to simulate the erosion and transport of solid particles in urban areas. The RQSM assumes that solid particle
accumulation on pervious and impervious areas is infinite. The RQSM simulates soil erosion using rainfall kinetic energy and
solid particle transport with linear system theory. A sensitivity analysis was conducted on the RQSM to show the influence of each
parameter on the simulated load. Total suspended solid (TSS) loads monitored at the outlet of the borough of Verdun in Canada
and at three catchment outlets of the City of Champaign in the United States were used to validate the RQSM. TSS loads simulated
by the RQSM were compared to measured loads and to loads simulated by the Rating Curve model and the Exponential model of
the SWMM software. The simulation performance of the RQSM was comparable to the Exponential and Rating Curve models.

1. Introduction

During high-intensity rainfall events, the discharge of
untreated storm water and wastewater occurs into receiving
waters when the capacity of combined sewer systems (CSSs)
is exceeded. The combined sewer overflow events (CSOs)
generate high concentrations of microbial pathogens, bio-
chemical oxygen demand, total suspended solids, and other
pollutants into receiving waters [1]. Minimizing the impact
of watercourse pollution through intercepting the maximum
amount of pollutant particles is of increasing concern to
municipalities. Knowledge of the wet weather pollutograph
seems essential in order to maximize sewer network pollutant
interception in real-time management. However, it is difficult
to predict the pollutograph associated with each pollutant.
Total suspended solid (TSS) load is considered the main
vector of runoff water pollution in urban areas [2, 3].
Consequently, a good estimation of water pollution can be
given knowing the concentration of suspended particles in
storm water [4].

The cycle of solid particles in an urban area is a complex
process that involves solid particle buildup in the catchment
during dry weather periods followed by solid particle washoff
during wet weather periods.

The most frequently used buildup models are asymp-
totic, most often derived from the Alley and Smith [5]
exponential model used in the Storm Water Management
Model (SWMM) software, but may also be linear [6].

The process of soil washoff in urban areas is often repre-
sented with conceptual approaches. The simplest conceptual
model is the Rating Curve model [7, 8] that links suspended
particle load to runoff rate. The SWMM software Exponen-
tial model [7] calculates both the suspended particle load
washed off by the runoff flow and the mass of accumulated
particle. Several models take the accumulated particle mass
into consideration, including the STORM software washoff
model [9], the model developed by Moys et al. [10] for
the MOSQUITO software, the HSPF model [11], and the
model developed by Zug et al. [12] for the HORUS software.
Recent advances have led to the development of deterministic
models [13, 14] that offer the advantage of describing the
physical phenomena involved in soil washoff. However, their
use requires data that are either rarely available or difficult to
obtain. The suspended particle load may also be calculated
using statistical models [15] that have a validity limited to
the sites where they were developed [16].

This paper presents a new conceptual washoff model
for urban areas. The results of the proposed model will be
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validated using on-site TSS measurements and compared
with the results of both the Exponential and Rating Curve
models. Moreover, a sensitivity analysis of the model will be
performed.

2. The Buildup Process

2.1. Problems Related to Particle Buildup. Sources of solid
particles include industrial activities, transportation, and
erosion due to climactic action. During dry weather, particles
accumulate on urban areas. The particle accumulation is a
complex physical process which has been described by three
distinct approaches. The first one assumes a time varying
accumulation of solid particles. The mass of accumulated
solid particles is a function of the elapsed time since the last
rainfall event. This accumulation is generally described by
using the following equation:

dMa(t)
dt

= ACCU−DISP Ma(t), (1)

where Ma represents the mass of accumulated solid particles
(kg), ACCU represents the daily rate of accumulation (kg/D),
and DISP, rate of decay due to non-runoff processes (d−1).

The particle buildup occurs during dry weather. The
particle mass grows exponentially up to an asymptotic value.
Sartor et al. [17] demonstrated that maximum buildup is
reached after approximately ten days, but this value varies
greatly according to the studied area. Linear relationships
between accumulated mass of solid particles and time have
also been developed. They provided good results in some
studies [18]. The second approach assumes that buildup is
an instantaneous process. The mass of accumulated particles
is instantaneously regenerated at the end of a rainfall event.
This approach allows for a simplification of the washoff
model formulation. Finally, the third approach assumes that
the accumulated mass of solid particles is infinite. This
approach also simplifies the washoff model formulation.

2.2. Selecting a Buildup Model. Urban catchments are a
juxtaposition of pervious and impervious areas. Pervious
areas are natural or landscaped granular soils. They can be
seen as infinite reserves of solid particles. Therefore, they can
be described by an infinite buildup approach.

Solid particle accumulation on impervious areas is not
fully understood. Indeed, Gromaire [19] demonstrated the
existence of washoff on urban roads, and Sartor et al. [17]
showed that buildup occurs during dry weather. On the
other hand, the statistical analyses of Kanso et al. [20]
showed that dry weather has no effect on the buildup
process. Furthermore, the analyses conducted by Butler et
al. [21] on water samples monitored in six different sites
revealed no causal relationship between the accumulated
solid particle mass and the load of solid particles in storm
water. Consequently, impervious areas seem more likely to
behave like a reservoir, where the loss of solid particles is
balanced by an equivalent deposit of solid particles. Indeed,
solid particle production by climatic action and human
activities does not cease during a rainfall event.

Contradictions among authors on the nature of the
buildup process on impervious areas can be explained by the
complexity of the physical process involved. Further research
seems to be necessary to fully understand buildup process.

3. Formulation of the Runoff Quality
Simulation Model (RQSM)

3.1. Assumptions. The Runoff Quality Simulation Model
(RQSM) is based on the following physical assumptions:

(i) infinite buildup over both impervious and pervious
areas;

(ii) time of concentration for solid and liquid particles is
equal;

(iii) uniform rainfall intensity over the catchment area;

(iv) the impulse response function of a catchment area
is rectangular shaped and ends at the time of
concentration.

3.2. Solid Particle Erosion Model. Young and Wiersma [22]
showed that rainfall kinetic energy is the main cause of solid
particle detachment. Salles et al. [23] furthermore demon-
strated analytically that the most appropriate relationship to
use for calculating rainfall kinetic energy as a function of its
intensity is the following:

KE(t) = αI(t)β, (2)

where KE represents rainfall kinetic energy (J·m2·h−1), α
and β, the parameters related to the microscopic processes of
raindrop formation, and I , the intensity of the rain (mm/h).
Furthermore, Salles et al. [23] showed that (2) was physically
realistic for a value of α between 9.2 and 13.5 inclusively and
for a value of β between 1 and 1.4 inclusively.

The infinite accumulation assumption leads to expres-
sion of the erosion intensity according to the following
formula:

mpimp(t) =
Kpimp

3600

(
αI(t)β

)
, (3)

where mpimp represents the erosion intensity of solid par-
ticles for impervious areas (kg·m−2·s−1) and Kpimp, the
erosion rate of solid particles for impervious areas (kg/d).

The solid particle erosion of pervious areas is also a
function of rainfall kinetic energy. It begins when the rainfall
intensity is higher than the infiltration capacity of the
pervious areas. The erosion intensity of pervious areas is
computed with the following formula:

mpper(t) =
Kpper

3600

[
α
(
I(t)− f (t)

)β], (4)

where mpper represents the erosion intensity of solid particles
for pervious areas (kg·m−2·s−1), Kpper, erosion rate of solid
particles for the pervious areas (kg/J), and f , the infiltration
capacity of the pervious areas (mm/h).
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Figure 1: Impulse response function of a catchment.
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Figure 2: TSS pollutograph from the RQSM for rainfall of duration
(1) tp < tc, (2) tp = tc, (3) tp > tc.

Equations (3) and (4) show that erosion of solid particles
is controlled by parameter Kpimp for impervious areas and by
parameter Kpper for pervious areas. The infiltration process
on pervious areas of urban catchments is often represented
with Horton’s model [24]. This model assumes that the
infiltration capacity ( f ) is equal to an initial value ( f0)
at the beginning of a rainfall event and then decreases
exponentially to an asymptotic value ( f∞). The exponential
decay of infiltration capacity is governed by a decay constant
(K).

3.3. Solid Particles Transport Model. Transport of solid
particles by runoff is modeled using the linear system theory
described by Chow et al. [25]. Solid particles transport is
computed with the following convolution product:

ml(t) =
∫ t

0
mp(τ)u(t − τ)dτ, (5)

where ml represents the TSS load (kg/s), mp, the erosion
intensity (kg·m−2·s−1), u, the impulse response of a catch-
ment area (m2/s), and t, the duration (s).

Table 1: Parameter reference values for the RQSM sensitivity
analysis.

Parameters A IMP tc f0 f: K Kpimp Kpper

Values 100 0.5 32 160 16 4 2·10−5 2·10−5

Figure 1 presents the impulse response of a catchment. It
is assumed that the transport time of solid particles is equal
to the transport time of liquid particles. Consequently, the
catchment response is constant, and its duration is equal to
the time of concentration (tc).

The pollutograph calculated by (5) for constant erosion
intensity of duration tp is shown in Figure 2. Three
different pollutographs are obtained at the outlet of the
catchment, following the duration of the erosion process.
The pollutograph (1) corresponds to the case tp < tc. Here,
the simulated TSS load increases up to tp. At that moment,
a proportion tp/tc of the catchment makes a contribution at
the outlet. Then, the load remains constant up to tc due to the
contribution made by the upper portion of the catchment.
The pollutograph (2) corresponds to case tp = tc. In this case,
the TSS load increases up to tc. At that moment, the load is
at its maximum since the entire catchment contributes at the
outlet of the catchment. The pollutograph (3) corresponds
to case tp > tc. In this case, the TSS load increases up to tc.
The load then remains constant up to tp since the erosion
continues after tc, throughout the entire catchment area. A
study of the pollutographs provided by (5) prompts two
comments. Firstly, the TSS mass generated by (5) always
equals the eroded mass off TSS. Secondly, the simulated
pollutograph duration always equals the sum of tp and tc.

Rainfall intensity is always sampled in discrete time.
Consequently, (1) should be expressed as follows:

ml(tn) =

mlimp(tn)︷ ︸︸ ︷
tn≤tp∑

i=1

[
mpimp(i)uimp(tn − i + 1)

]
Δt

+

mlper(tn)︷ ︸︸ ︷
tn≤tp∑

i=1

[
mpper(i)uper(tn − i + 1)

]
Δt

(6)

with

uimp(tn − i + 1)

= 10 000 IMPA
tc

for 1 ≤ (tn − i + 1)Δt ≤ tc,

uper(tn − i + 1)

= 10 000(1− IMP)A
tc

for 1 ≤ (tn − i + 1)Δt ≤ tc,

(7)

where uimp represents the impervious area impulse response
(m2/min); uper, the pervious area impulse response
(m2/min); A, the catchment area (ha); IMP, the fraction of
the impervious area; tc, the time of concentration (min); tn,
tp, and i, time indices.



4 Applied and Environmental Soil Science

−6.5

−5.5

−4.5

−3.5

−2.5

−1.5

−0.5

0.5

N
as

h

0.25 0.5 0.75 1 1.25 1.5 1.75

Rate of change

Kpimp
tc

(a)

−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

1

N
as

h

0.25 0.5 0.75 1 1.25 1.5 1.75

Rate of change

Kpimp
Kpper

tc
f0

(b)

Figure 3: Variation of the Nash criterion with the rate of change of the RQSM parameters for (a) rainfall (1) and (b) rainfall (2).
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Figure 4: Intensity Duration Frequency (IDF) of rainfall events monitored in (a), Verdun borough catchment and (b), North Mattis, South
Mattis, and North John catchments.
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Figure 5: (a) Monitored rainfall and runoff, and (b) simulated TSS pollutographs for October 13, 2000 rainfall event in the Verdun borough.
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Figure 6: (a) Monitored rainfall and runoff, and (b) simulated TSS pollutographs for June 23, 1980 rainfall event in South Mattis.

Table 2: Physical characteristics of the four urban subcatchments used for the RQSM validation.

Areas Land use
A

(ha)
IMP

tc
(min)

Slope
(m/m)

f0
(mm/h)

f:
(mm/h)

K
(h−1)

Verdun Residential 177.0 0.39 37 0.005 85 25 2

North Mattis Commercial 6.8 0.58 30 0.004 200 33 2

South Mattis Commercial 11.2 0.40 18 0.010 200 33 2

North John Residential 22.1 0.19 24 0.006 200 33 2

The conditions mpimp(i) ≥ 0, mpper(i) ≥ 0 must be
respected. The notation tn ≤ tp as the upper limit of the
summation indicates that the terms are summed for i = 1
to tn when tn ≤ tp, whereas, for tn > tp, the summation is
limited to i = 1 to tp.

The TSS load from impervious areas (mlimp) and pervi-
ous areas (mlper) is computed independently. Moreover, the
RQSM uses rainfall intensity as the only explanatory variable
of TSS transport.

4. Sensitivity Analysis of the RQSM

A sensitivity analysis was carried out on the RQSM in order
to assess practical use and limitations. The sensitivity analysis
involves determining the change of the RQSM response
to the change of its parameters. The set of parameters
presented in Table 1 is assigned to the RQSM in order
to compute a reference pollutograph. The level of change
between simulated and reference runoff pollutograph is
evaluated with the following performance criteria:

(i) the Nash coefficient [26]:

Nash = 1−
∑n

i=1(mlreference(i)−mlsimulated)2

∑n
i=1

(
mlreference(i)−mlreference

)
2
. (8)

A Nash of 1 indicates a perfect agreement between simulated
and reference pollutograph.

The sensitivity analysis was conducted using the two
following rainfall events:

(i) Rainfall (1): I = 10 mm/h; duration: 240 min,

(ii) Rainfall (2): I = 80 mm/h; duration: 25 min.

Rainfall (1) generates a rainfall depth lower than the
infiltration capacity of pervious areas, whereas rainfall (2)
generates a rainfall depth higher than the infiltration capacity
of pervious areas. As a result, rainfall event (1) creates
washoff over impervious areas only, whereas rainfall (2)
produces washoff over both pervious and impervious areas.

The results of the sensitivity analysis for rainfall (1) are
presented in Figure 3(a). It appears that Kpimp has a major
impact on the Nash value. Consequently, Kpimp must be
very carefully calibrated. The modification of the time of
concentration creates a slight decrease of the Nash. As a
result, a value close to tc may be used for low-intensity
rainfall events having a duration higher than the time of
concentration.

The results of the sensitivity analysis for rainfall (2)
are presented in Figure 3(b). Three major observations
can be made. Firstly, the variation of the Kpimp parameter
dramatically decreases the Nash value, just as it does for
rainfall (1). On the other hand, while the Kpper parameter has
a slight effect with rainfall (1), it becomes critical in extreme
wet weather or over a pervious area with a low infiltration
capacity. Secondly, the effect of the time of concentration is
higher than the effect of Kpimp when its duration is higher
than the rainfall duration. On the other hand, the influence
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of the time of concentration decreases significantly when
its duration is lower than the rainfall duration. Finally, a
large variation in the initial infiltration capacity ( f0) leads
to a significant variation of the Nash value. Furthermore,
the underestimation of the initial infiltration capacity has
a higher influence than its overestimation. The asymptotic
infiltration capacity ( f∞) and the decay constant (K) have
a negligible influence on the Nash value. These results
corroborate the observations made during the sensitivity
analysis of a hydrologic model of the SWMM software [27]
using the Horton model to calculate infiltration.

5. Rating Curve and Exponential Models

The Rating Curve model and the Exponential model [7] were
used as a basis of comparison to evaluate the performance of
the RQSM since both are acknowledged conceptual models
[4].

The Rating Curve model links the suspended particle
load to the runoff rate. It is expressed as follows:

ml(t) = aQ(t)b, (9)

where ml represents the TSS load (kg/s), Q, the runoff rate
(m3/s), a, the washoff coefficient, and b, the adjustment
coefficient.

The Rating Curve model uses the runoff rate as the only
explanatory variable for solid particle erosion and transport.
This formulation has a physical basis because the hydraulic
shear constraint at the liquid-solid interface is related to the
runoff rate. The Rating Curve model is often used as an
alternative to more complex models.

The Exponential Washoff model is the solid particles
erosion and transport model used in the SWMM software.
It takes into account the accumulation of solid particles. The
erosion and transport of solid particles is computed with the
following equation:

ml(t) = Ma(t)kQ(t)r , (10)

where ml represents the TSS load (kg/s), Ma the mass of
accumulated solid particles (kg), Q the runoff flow (m3/s),
k the washoff coefficient, and r the adjustment coefficient.
During wet weather, changes in the mass of accumulated
particles may be expressed by

Ma(t) = Ma(0)e−kQ(t)r t . (11)

Assuming an instantaneous accumulation model such as
the one recommended by Kanso et al. [20], the initial
accumulation Ma(0) at the start of a rainfall event becomes
an additional parameter to calibrate.

6. Validation of the RQSM

6.1. The Sites. The RQSM, the Rating Curve model, and
the Exponential model were calibrated and validated using
285 samples of TSS load. These samples were monitored
during 4 rainfall events [28] that occurred in the catchment

of the Verdun borough in Canada and during 18 rainfall
events [29] that occurred in three catchments of the City
of Champaign in the USA. The rainfall intensity and flow
were monitored at 5-minute time steps for all the 22 rainfall
events. Figures 4(a) and 4(b) show that rainfalls recorded
in the city of Champaign have a return period lower than
0.5 years, whereas rainfalls recorded in Verdun have a return
period lower than 2 years. These rainfall events are not
extreme events. Consequently, the rainfall kinetic energy was
calculated according to the recommendations of Salles et al.
[23], using α equal to 11 and β equal to 1.24. The pervious
area infiltration capacity was computed with the Horton
model. The moving curve concept of Huber and Dickinson
[7] was used to take into account the amount of potential
storage remaining in the soil.

Table 2 shows the physical characteristics of the four
catchment areas. Areas, slopes, and land use are very different
for each catchment. The infiltration parameters were mon-
itored for the three catchments of the City of Champaign,
whereas the infiltration parameters of the Verdun catchment
and the time of concentration of the four catchments were
estimated using a hydrological model [30]. Nevertheless,
these values may also be obtained through the use of
formulae or tabulated values [25].

6.2. Calibration of Washoff Models. The parameters to be
calibrated are the Kpimp and Kpper coefficients of the RQSM,
the a and b parameters of the Rating Curve model, and the
Ma(0), k, and r parameters of the Exponential model.

The performance evaluation of a model can be carried
out with the help of the following three criteria:

(i) the Nash coefficient,

(ii) the mass ratio:

Rm = Simulated mass of TSS
Monitored mass of TSS

, (12)

(iii) the peak load ratio:

Rp = mlsimulated
Max

mlmonitored
Max

. (13)

In urban hydrology, an accurate runoff simulation is reached
when the Nash is greater than 0.8. A Nash of 0.6 can be
considered as a more realistic value for TSS load simulation
since uncertainties surrounding TSS load measurement are
higher than for flow measurement [31].

The Nash was used to calibrate the parameters of the
three washoff models. Parameters were adjusted with the
Nelder-Mead simplex algorithm [32] used in the MATLAB
software in order to maximize the Nash coefficient.

The three TSS washoff models were calibrated on the
Verdun catchment using 2 monitored pollutographs and
on the catchments of the City of Champaign using 9
pollutographs. The Kpimp parameter of the Verdun and
Champaign catchments was calibrated with a rainfall event
having an intensity that did not exceed the pervious area
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Table 3: Parameter values after calibration of the RQSM, Rating Curve, and Exponential models.

Areas
Rating Curve Exponential model RQSM

a b Ma (0) k r Kpimp Kpper

Verdun 8.45·10−2 1.29 2963 9.89·10−2 1.14 7.66·10−6 1.80·10−5

North Mattis 1.41 1.46 552 8.27 1.13 2.84·10−5

South Mattis 1.05 1.44 100 38.54 1.36 7.57·10−6

North John 2.26 2.15 273 112.25 2.88 1.41·10−5

Table 4: Performance criteria values after particle load simulation with the RQSM, Rating Curve (RC), and Exponential (EXP) models.

Nash Rm Rp

Rainfall event RC EXP RQSM RC EXP RQSM RC EXP RQSM

V. 30-09-99 −0.05 0.48 0.25 0.71 0.99 0.66 0.51 0.55 0.56

V. 13-10-99 0.49 0.06 0.70 0.85 1.36 0.98 0.74 1.16 1.02

N. M. 17-05-80 0.81 0.85 0.46 1.23 1.44 0.79 0.87 1.03 0.64

N. M. 23-05-80 −2.39 0.12 0.89 3.22 2.24 1.13 2.49 1.56 1.24

N. M. 01-06-80 −1.47 −2.14 0.42 2.80 3.02 1.54 1.75 2.26 0.99

S. M. 01-06-80 −0.22 0.92 0.52 2.37 1.32 1.29 1.97 1.26 0.69

S. M. 23-06-80 −1.19 0.51 0.88 2.31 0.63 0.99 2.34 1.02 0.90

S. M. 28-06-80 0.73 0.98 −0.07 1.43 0.92 0.47 1.06 0.91 0.19

N. J. 17-05-80 0.88 0.80 0.65 0.76 0.58 1.50 0.95 0.86 1.21

N. J. 30-05-80 0.90 0.76 0.88 0.73 0.54 1.03 0.94 0.81 0.82

N. J. 01-06-80 0.88 0.79 0.26 0.89 0.83 1.48 1.09 1.20 0.66

infiltration capacity. Consequently, only impervious areas
were subject to washoff. Then, the Kpper parameter of the
Verdun catchment was calibrated using a rainfall event hav-
ing an intensity that exceeded the pervious area infiltration
capacity. The Kpper parameter of the three catchments of
the City of Champaign was not calibrated since none of the
monitored rainfall events were able to create a washoff on
pervious areas. Table 3 shows the calibrated parameters for
the RQSM, the Rating Curve model, and the Exponential
model. The accumulated mass Ma(0) of the Exponential
model and the Kpimp erosion coefficient of the RQSM do
not seem correlated with catchment area, slope, or land use
presented in Table 2.

6.3. Performance Evaluation of Washoff Models. The 11 TSS
pollutographs simulated with the RQSM, the Exponential
(EXP) model and the Rating Curve (RC) model were
compared to the corresponding 11 monitored pollutographs.
The Nash, Rm, and Rp values after simulation are shown in
Table 4. The Nash coefficient is greater than 0.6 for six rainfall
events simulated with the Exponential model and for five
rainfall events simulated with the RQSM and Rating Curve
model. Thus, all three models provided pollutographs close
to the monitored pollutographs for 50% of the simulated
rainfall events. The error on the simulated mass of TSS is
less than 30% for 6 rainfall events simulated with the RQSM
and Rating Curve model and for 3 rainfall events simulated
with the Exponential model. It appears therefore that the
RQSM provides equivalent results to those of the Rating
Curve model but better than those of the Exponential model.
The error on the simulated peak load is lower than 30% for 8

rainfall events simulated with the Exponential model and for
6 rainfall events simulated with the RQSM and Rating Curve
model. Consequently, the peak loads simulated with the
RQSM were equivalent to those of the Rating Curve model
but not as accurate as those simulated with the Exponential
model.

Figures 5 and 6 show two rainfall events simulated with
the RQSM, Exponential, and Rating Curve models. These
two rainfall events demonstrate that a correlation between
the hyetograph and the pollutograph is not necessary to
obtain good results with the RQSM. On the other hand,
a close correlation between hydrograph and pollutograph
allows both the Exponential and Rating Curve models to
simulate adequately the pollutograph shape. However, a close
correlation does not necessarily give an accurate estimation
of the TSS load, as shown in Figure 6(b) of the Rating Curve
model.

Comparison of the three washoff models with single-
rainfall events can hide disparities or biases in the results.
In order to have a more accurate overview of the RQSM,
Exponential, and Rating Curve models performance, the
mean value and standard deviation of the Nash, Rm, and
Rp data are presented in Table 5. The number of simulated
rainfall events are insufficient to statistically demonstrate
the better performance of one of the three washoff models.
Nonetheless, some interesting qualitative observations can
be made. Firstly, the three models do not perfectly simulate
the TSS load. Indeed, the Nash mean is less than 0.6,
and the standard deviation is higher than 0.3. Secondly,
the Exponential model and the Rating Curve model seem
to overestimate the load of TSS. Indeed, the mean Rm
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Table 5: Mean and standard deviation of the Nash, RP , and RM values.

Nash Rm Rp

Models Mean Standard deviation Mean Standard deviation Mean Standard deviation

Rating Curve −0.06 1.14 1.57 0.93 1.34 0.68

Exponential 0.33 0.93 1.26 0.77 1.15 0.45

RQSM 0.53 0.31 1.08 0.35 0.81 0.31

is close to 1 for the RQSM, whereas it is equal to 1.26
for the Exponential model and 1.57 for the Rating Curve
model. Thirdly, the RQSM seems to underestimate peak load,
while the Exponential model and the Rating Curve model
overestimate it. Finally, the performance of the three washoff
models varies greatly between each simulated rainfall event.
Indeed, the standard deviation of Nash, Rm, and Rp data
ranged from 0.31 to 1.14. These results are the consequence
of four different sources of uncertainty. The first source of
uncertainty is associated with rainfall, runoff, and TSS load
measurement [31]. The second source of uncertainty stems
from the lack of knowledge for the accumulation process
of solid particles on impervious areas during dry weather.
Finally, roughness, slope, and solid particle distribution is
not uniform over the catchment area.

7. Conclusion

This paper sheds light on an original conceptual approach
for modeling TSS load in urban areas. The originality of the
RQSM lies in the use of rainfall kinetic energy to model
solid particle erosion and the use of linear systems theory
to describe the transport of suspended particle (TSS) to the
catchment outlet.

The RQSM offers three advantages. Firstly, it calculates
the TSS washoff load at the outlet of an urban area by
using monitored rainfall intensity only. Secondly, it takes into
consideration the contribution of suspended particles from
pervious and impervious areas separately. Finally, the RQSM
requires calibration of only two parameters.

A sensitivity analysis was conducted on the RQSM. The
Nash coefficient was used to evaluate the influence of each
parameter of the RQSM. The sensitivity analysis results
show that, for rainfalls of high intensity and short duration,
the most sensitive parameter is the time of concentration,
whereas, for rainfall event of low intensity and long duration,
the most sensitive parameter is the erosion parameter of
impervious areas.

The first validation step was to calibrate the two RQSM
erosion parameters, using 11 monitored pollutographs of
TSS. The erosion parameter of impervious areas was
calibrated with a low-intensity rainfall, and the erosion
parameter of pervious areas was then calibrated with a high-
intensity rainfall.

The second validation step was to simulate the TSS load
resulting from other 11 rainfall events. The loads simulated
by the RQSM were compared to the monitored load and then
to the load simulated with the Rating Curve and the SWMM
Exponential model. Comparisons were made using three
performance criteria: the Nash, the ratio of the simulated

over the measured mass of TSS (Rm), and the peak load
ratio (Rp). Equivalent results were obtained between TSS
load computed with the RQSM and load computed with the
Rating Curve and the SWMM Exponential model.

The encouraging results obtained with the RQSM on TSS
washoff would suggest an extension of its use to the modeling
of other pollutants.

References

[1] Environmental Protection Agency, “A screening assessment
of potential impacts of climate changes on combined sewer
overflow (CSO) mitigation in the Great Lakes and New
England regions,” EPA/600/R-07/033F, 2008.

[2] G. Chebbo and A. Bachoc, “Characterization of suspended
solids in urban wet weather discharges,” Water Science and
Technology, vol. 25, no. 8, pp. 171–179, 1992.

[3] A. G. Jack, M. M. Petrie, and R. M. Ashley, “The diversity of
sewer sediments and the consequences for sewer flow quality
modelling,” Water Science and Technology, vol. 33, no. 9, pp.
207–214, 1996.

[4] V. A. Tsihrintzis and R. Hamid, “Modeling and management
of urban stormwater runoff quality: a review,” Water Resources
Management, vol. 11, no. 2, pp. 137–164, 1997.

[5] W. M. Alley and P. E. Smith, “Estimation and accumula-
tion parameters for urban runoff quality modeling,” Water
Resources Research, vol. 17, no. 6, pp. 1657–1664, 1981.
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