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HIGHLIGHTS

e An improved wash-off model integrated with
rainfall pollution and SCS-CN is presented.

e Nash-Sutcliffe efficiency coefficients of the
enhanced model increased by 2%, 8%, 3% for
chemical oxygen demand, total N, total P and
100% for NH4*-N.

e Two pollution modes dominated by land and
rainfall pollutant were identified.

e Refined modeling indicated 12% runoff within 15
min includes 80% to 90% the pollutant load.
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ABSTRACT

The growing need to mitigate rainfall-runoff pollution, especially first flush,
calls for accurate quantification of pollution load and the refined
understanding of its spatial-temporal variation. The wash-off model has
advantages in modeling rainfall-runoff pollution due to the inclusion of two
key physical processes, build-up and wash-off. However, this disregards
pollution load from wet precipitation and the relationship between rainfall and
runoff, leading to uncertainties in model outputs. This study integrated the Soil
Conservation Service curve number (SCS-CN) into the wash-off model and
added pollutant load from wet precipitation to enhance the rainfall-runoff
pollution modeling. The enhanced wash-off model was validated in a typical
rural-residential area. The results showed that the model performed better
than the established wash-off model and the commonly-used event mean
concentrations method, and identified two different modes of pollution
characteristics dominated by land pollution and rainfall pollution, respectively.
In addition, the model simulated more accurate pollutant concentrations at
high-temporal-resolution. From this, it was found that 12% of the total runoff
contained 80% to 95% of the total load for chemical oxygen demand, total N,
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and total P, whereas it contained only 15% of the total load for NH4*-N. The
enhanced model can provide deeper insights into non-point pollution

mitigation.

© The Author(s) 2023. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

1 INTRODUCTION

Rainfall-runoff pollution has been identified as a main
contributor to water quality reductionl'~"l. Cost-effective
pollution mitigation calls for accurate estimation of pollution
load. Although rainfall-runoff monitoring can quantify
pollution load in a rain eventl’], estimating rainfall-runoff
pollution load at larger scales is challenging due to its high
spatial-temporal variabilityl°="], resulting mainly from various
surface conditions and rainfall characteristics!”'"). Therefore,
refined modeling of rainfall-runoff pollution is crucial for
estimating pollution load with significant spatial-temporal
heterogeneity.

The wash-off model and the event mean concentration (EMC)
method have been widely used to quantify rainfall-runoff
pollution load and depict the spatial-temporal variation!'" '],
The EMC method simplifies rainfall-runoff process by using
mean pollutant concentrations of rain events regardless of
physical processes. This deficiency may cause insufficient
understanding of spatial-temporal characteristics of runoff
pollution, which cannot provide effective information on
precision mitigation of first flush, namely the initial stage of a
rain event where most of the pollution load is flushed outl'”],
Also, surface conditions, especially the pollution accumulation
statuses of the same land-use type, are insufficiently considered
in the EMC method. To address these deficiencies, the wash-off
model, which includes semi-empirical buildup and wash-off

routines!' "], was developed and has been widely used to

model the wash-off process of pollutantsl 1. Initial pollution
load which could be washed and rainfall intensity are the two
key physical variables in the wash-off model, making important
contributions to the uncertainty of model outputs!'“l.
However, pollution load from wet precipitation is excluded
from the model because of the hypothesis that the initial load is
pollutant accumulation on dry days. For instance, nitrogen
deposition has been regarded as an important pollution source
in some regionsl’’l. In the established wash-off model, the
relationship between rainfall intensity and runoff amount is
assumed to be linear, which does not consider the time-lag
effect when rain stops but runoff still exists!*!]. Some physical
and machine-learning models, such as Soil Conservation

Service curve number (SCS-CN), have been developed to
quantify this relationshipl”’]. The exclusion of these two
physical processes hinders fineness improvement of the wash-
off model, which may cause large uncertainties in pollution
load estimation at high spatial-temporal resolution. This
knowledge gap weakens cost-effective mitigation of non-point

source pollution.

In previous studies, wash-off models were mainly used in
urban areas rather than rural-residential areas because of the
perceived lower rainfall-runoff pollution in rural settlement
lands due to the smaller share of impervious surfaces’’].
Nevertheless, the landscape of rural-residential areas has
significantly changed with the increasing urbanization in
recent decades, resulting in incremental impervious surface,
growing amounts of wastewater and domestic solid waste, and
incomplete waste collection and treatment facilities. This
transition has dramatically enlarged the rainfall-runoff
pollution in rural areasl’], especially in developing countries
with high rural populations. Four surfaces, including roofs,
roads, courtyards and vegetable fields, have been commonly
selected to monitor and simulate runoff pollution in rural-
residential areas’’]. Of these surfaces, vegetable fields have a
comparatively heavy pollution load, although the specific
characteristics of the resulting runoff pollution remain unclear.
Therefore, precise modeling of runoff pollution in vegetable
fields assumes importance in comprehending the contribution
of rural non-point sources to water pollution and gaining

profound insights into effective mitigation strategies.

This paper presents an enhanced wash-off model to improve
rainfall-runoff pollution modeling by introducing the pollution
load from wet precipitations and using SCS-CN curves to
establish the relationships between rainfall intensity and runoff
amount. We built an experimental site and tested the enhanced
wash-off model by monitoring pollutant concentrations in
runoff during a 1 h rain event, in a typical rural-residential area
(Gusheng Village) in the Erhai Lake Basin, Yunnan Province,
China. The improvements of the enhanced model and the
implications for rainfall-runoff pollution management are

discussed.
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2 METHODS

2.1 Conceptual model of the rainfall-runoff process

To quantify the rainfall-runoff pollution load, including four
typical pollutants of chemical oxygen demand (COD),
ammonia nitrogen (NH4*-N), total nitrogen (TN), and total
phosphorus (TP), we present the conceptual model of rainfall-
runoff process shown in . A represents the area of a
square that is enclosed horizontally with only one outlet and
M(t) represents the total amount of pollutants remaining in a
rain event at time . Accordingly, the amount of pollution load
remained per unit area m(f) can be calculated by M(t)/A.
Similarly, Q(#) represents the total water flow yield at time ¢,
then the runoff depth, g(), can be calculated by Q(#)/A. The
runoff intensity, r(f), can also be calculated by dq(#)/dt.
Therefore, the cumulative rainfall-runoff pollution load, F(f),
can be calculated by m(0)-m(t) = mo-m(t). Here, m, represents
the initial pollution load, which can be washed, and is regarded
as a part of the surplus after the input and output of pollution
load (e.g., fertilizer inputs, crop harvests, leaching and dry
precipitation) in the plot (field) during dry days. The
instantaneous rainfall-runoff pollution load f(f) can be
calculated by dF(t)/dt = -dm(t)/dt. If it is assumed that f(¢) is
proportional to r(t) and m(t), and the proportionality constant
is k which represents wash-off coefficient, the equation of these
variables is as follows:

r0=-29 om0 (1)
Based on Eq. (1), the basic equation for estimating rainfall-
runoff pollution load is Eq. (2), and the analytic solution is
Eq. (3). When m(t) = mo/2, q(t) = In(2)/k, which is the runoff of
the half-decay of the runoff pollution load in the plot. Also, the
cumulative pollution load at time t can be calculated by Eq. (4),

and the concentration of pollutants at time t can be calculated

q(t) =$

>

t
F© = [ c@at@de =mg - m(®
0

Fig. 1 Conceptual model for estimating rainfall-runoff

pollution load.

by Eq. (5). co = kmy is the initial concentration of pollutants.

dm(r) B
dgn ~ @ )
m(t) = moe*kq(f) (3)
F(t)=my[1—e™®] 4)
Coriginal ([) = % =km ([) = Coe*k‘i(f) (5)
F(T) my oD
@ q(T) q(T)[ € ] (6)

The EMCs can be calculated using Eq. (6), where, T is the
rainfall-runoff duration.

2.2 Enhanced wash-off model

We enhanced the established wash-off models which was
developed by Sartor and Boyd!'’l. An implicit assumption of
the established wash-off model is that the rain is pure water
without any pollutants. Therefore, the concentration of
pollutants Coriginal(t) will tend to zero when the time is long
enough (i.e., >o). In fact, when considering the pollutants in
the rainfall (i.e., wet precipitation), coriginal(f) cannot be zero.
Assuming the pollutant concentration of wet precipitation is
constant ¢, the concentration equation can be modified as
Eq. (7). Accordingly, F(t) can be calculated by Eq. (8). The
remaining pollution load on the plot is still calculated by
Eq. (3).

c(®) = cpe ™0 4 ¢, (7

Fy= [ c@r@dr=m|1-e*]+cq) (8

F(T) my
EMC(T)= —= =
@ q(T) q(T)

Based on this, F(t) can be separated into two parts Fi(¢) and

[1-¢D]+c, )

F,(t) to compare which is the leading source of pollution load
contribution; where, F|(f) =my[1 —e™] is the cumulative
pollution load from the plot at time t, and F,(f) = c1q(¢) is the
cumulative pollution load from the rainfall at time ft.
Additionally, EMCs can be estimated by Eq. (9), and a constant
c1 has been added to the original expression. It suggests that the
EMC(T) will be closer to the background concentration of wet
precipitation ¢; when T becomes longer.

2.3 Experimental site description

This study selected a typical rural-residential area located in
Gusheng Village within Erhai Lake Basin as the observation
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and experimental site to validate the enhanced wash-off model
( ). Erhai Lake is the second-largest lake in Yunnan-
Guizhou Plateau in China, which has an average depth of about
10.5 m and a maximum depth of approximately 21 m. Non-
point source pollution and water quality deterioration resulting
from rapid socioeconomic development in Erhai Lake Basin
have attracted significant attention from the government and
the public. To observe the rainfall-runoff process and monitor
the pollutant concentration during a rain event, a private
courtyard vegetable field was converted into the experimental
field by building drainage paths, covering the waterproof

membrane and leveling.

To be specific, we first used a drone to capture aerial photos of
the selected vegetable field and mapped its boundary. The field

area is approximately 135 m? ( ). Then, we designed

the drainage path, dug trenches and built ridges in accordance
with the path. The field was divided into four small areas, each
of which drains into a single outlet via a drainage ditch
( ). Next, we enclosed the field with a layer of
waterproof membrane to create a closed experimental area that
would prevent water from flowing out from areas other than
the outlet ( ). Finally, we leveled the field so that the
owner could plant vegetables as usual ( ).

2.4 Data observation and parameter estimation

Based on the experimental field, we observed the runoff during
rainfall and collected water samples to monitor water quality
indicators, COD, NH4*-N, TN and TP, within 1 h after the
flow generation. Water samples were taken every 5 min in the
first 30 min, and then were taken every 10 min in the second
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Fig. 2 Experimental site (# "5 GS 4t (2023) 2266 7). (a) Geolocation of Gusheng village. (b) Experimental vegetable field. (c) Unconstructed

field. (d—f) Construction steps including building drainage paths, covering the waterproof membrane and leveling.
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30 min. To be specific, we collected and monitored samples
from the outlet at 10 time intervals: 0, 2, 5, 10, 15, 20, 25, 30, 40
and 50 min. We used smaller time intervals in the early
observation period and larger time intervals in the later period,
as the pollutant concentration decays faster in the early period
and slower later, according to the model expression. Therefore,
more frequent observations during the early period can
effectively capture the changes in concentration. Then, we can
get the observation sequence of the concentration of the i-th
pollutant over time: c;

ilo?

Clyste5Chpe Theoretically, these
concentrations should be obtained with Eq. (10). In principle,
to = 0, but this was not the case during experiments. Generally,
the flow yield occurred before we took the first water sample,
because the initial flow was too small to collect. We could only
start sampling when the flow became large enough and ignored
the time taken by the sampling process. Therefore, the time
passed t; when we took the first sample, and Eq. (10) was

modified as Eq. (11).

ci(1) = ¢;pe™ 1 + ¢y

(10)

ci (1) = cjpe 1 4 ¢y

(11)
An unknown function shown in Eq. (11) as g(¢) is the runoff
depth. Here we couple the SCS-CN method to calculate g(f)
using p(t).

_ [p(t)_ia]z .
= . PO

0, p(t)<i,

[P —i,)
p()+S —i,

()= (12)

where, p(f) is the amount of rainfall, i, = AS, S is the maximum
possible infiltration of the soil and i, is the initial loss. The
initial loss i, is affected by land use, farming methods,
irrigation conditions, branch and leaf retention, infiltration,
filling and other factors, it has a certain positive relationship
with the maximum possible infiltration of the soil S, the
proportional constant is A (usually 0.2), the initial loss i, can be
obtained by monitoring the rainfall before the production flow
and can also be calculated by the relationship with S. The SCS-
CN method proposes a runoff curve number (i.e., CN) as a
composite parameter reflecting the characteristics of the
watershed before rainfall to estimate the maximum possible
soil infiltration S. The larger CN and the smaller S, the more
likely for runoft to be generated. The main factors determining
CN are soil moisture, soil type, vegetation cover type,
management status and hydrological conditions. Slope also has
some influence on CN. The conversion relationship between S
and CN is S = 25400/CN-254.

When the rainfall intensity is constant ip, namely p(f) = iot, g(t)
can be calculated by Eq. (13) according to the SCS-CN method.

Considering the time lag to, the pollutant concentration can be
calculated as Eq. (14).

Gt=i s,
gt)y=4 lot+4i, (13)
0, ipt < i,
. .2
()= Cio€Xp {—k;%} +ci, do(t+ty) >,
0, io(t+1) < i,
(14)

To estimate the parameters c;g, k;, tp and i, (ip is the observed
rain intensity), the Nash-Sutcliffe efficiency coefficient (NSE)
was used as the evaluation function of the goodness-of-fit
(Eq. (15)). We used the average NSE as the objective function
to fit simulated values to observed values (Eq. (16)).

Zn * —_ 2
=0 ci,t Ciy

NSE, = 1- .
Z?:O (CZt - El*l)

(15)

1 &
E=— E, 1
NS N;NS , (16)

where, NSE; is NSE of pollutant i, ¢;, is the observed

it
concentration of pollutant i at the time t, ¢;; is the simulated
concentration of pollutant i at the time ¢, ¢;, is the averaged
observed concentration of pollutant i from ¢ = 0 to t = n, NSE
is average NSE of all pollutants and N is the number of

pollutants.

3 RESULTS

3.1 Rainfall-runoff pollution characteristics

Statistical analysis of the four main pollutant indicators during
. The coefficient of
variation (CV) for all indicators, except NH4*-N, is greater

the rain event is presented in

than 1, indicating significant variation in pollutant indicators
during the rain event. In reference to the third-class water
quality standard for surface water in China (viz,
Environmental quality standards for surface water, GB 3838-
2002)[°1, the average COD is 51 times greater than the
standard, and the maximum 180 times greater. Although both
the average and the maximum of NH,*-N were within the
acceptable limits, the average TN is 35 times greater than the
standard and the maximum 197 times greater. Similarly, the
average TP is 138 times greater than the standard and the
maximum 532 times greater. It is evident, therefore, that in
addition to NH4*-N, the levels of pollution for the remaining

indicators are exceptionally high, particularly for TP.
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Table1 Summary of observed water quality of runoff (mg-L™1)

Indicators Mean SD CV Max Min
COD 1041.70 1174.73 1.13 3610.00 163.00
NH4*-N 0.28 0.21 0.77 0.76 0.09
TN 36.27 60.42 1.67 198.00 2.40
TP 27.74 34.73 1.25 106.57 3.47

We also conducted a correlation analysis on these indicators to
investigate the potential synergistic effect among them. Given
the high variability of the indicators and to minimize the
impact of a few outliers on the correlation analysis, we log-
transformed the indicators. As evident in , there is
significant correlations between all indicators except for
NH,*-N. The correlation among the other indicators is
particularly strong, as indicated by their regression lines and
confidence bands ( ). By combining the univariate analysis
and correlation analysis of the four pollutant indicators, we

tentatively conclude that there are two modes of pollutant

indicators: one is characterized by COD, TN and TP, and the
other by NH,*-N. This is because wet precipitation dominates
the NH4*-N concentration in runoff whereas initial pollution
in the plot is leading in other indicators.

3.2 Model fitting and validation

We fitted four models to simulate these water quality
indicators are shown in including observed data and
simulation curves from enhanced and established models. All

NSE values shown exceed 0.9, indicating that the models
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Fig. 3 Correlation analysis of the logarithm of water quality indicators. Gray shading represents the 95% confidence bands.
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Fig. 4 Fitting model with observation water quality data. The red dots represent monitoring data. The blue and orange curves represent

simulated results from the enhanced and established wash-off models, respectively. NSEy; and NSEr mean Nash-Sutcliffe efficiency

coefficients of the enhanced and established wash-off models, respectively.

perform well in accuracy, especially for TP. Compared with
established wash-off model without wet precipitation, the NSE
values increase by 2.1%, 100%. 7.9%, and 3.1% for COD, NH,*-
N, TN and TP, respectively. The obvious improvement of
NH,*-N in NSE results from the great contribution of wet
precipitation to pollutant concentration of runoff ( and

). Additionally, the fitted curves exhibit two noteworthy
features: (1) the starting point on the time axis is not zero,
which is due to manual implementation of the entire
observation process, making it challenging to collect water
samples at the exact runoff moment when the water volume is
small; and (2) the curve is a horizontal line for a duration of
time at the outset, with an intercept of zero, mainly because the
runoff event has not been triggered at that point, and the
duration corresponds precisely to the time between rainfall and

runoff.

Based on the parameter estimation obtained from model
fitting, we can generate curves that display the variation of
pollutant load with rainfall time for four water quality
indicators ( ). The pollutant load is partitioned into two
segments, where F(f) denotes the total pollutant load, F(f)
signifies the pollutant load from surface runoff, and F,(f)

represents the pollutant load from rainwater itself. Notably,

F(t) has an S-shaped curve whereas F,(f) follows an increasing
function curve. Also, the shapes of these two curves remain
different The
combination of these curves, F(t), has two clear features. The
first is the S-shaped curve for COD, TN and TP and the other
is an almost straight-line for NH,*-N. This result indicates that

consistent  for water quality indicators.

land sources mainly contribute to COD, TN and TP whereas
NH,4*-N primarily originates from atmospheric wet deposition,
which precisely explains the discrepancies identified in the
characteristic feature of NH4*-N and other water quality
indicators examined earlier ( ).

3.3 More refined modeling by the enhanced model

To show the advances of considering physical processes in
runoff modeling, we compared the pollution concentration of
runoff using the enhanced wash-off model ¢(f) and EMC
method (Eq. (9)). The changes in EMC are calculated with
respect to rainfall duration T (0.1 min) ( ). Overall,
EMC(T) and c(t) exhibit a similar pattern, with the decay
process of EMC(T) lagging behind that of c(f). After a
prolonged rainfall duration, EMC(T) gradually approaches c(t)
whereas c(t) tends toward the concentration of wet deposition
c1. It is noteworthy that if the rainfall duration is long enough,
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Fig. 5 Modeling the cumulative rainfall pollutant load F(t). F1(t) and F,(t) represent pollution load from surface and wet precipitation, respectively.

EMC(T) remains relatively stable. However, this condition
cannot always be met, especially given the increasing rainfall
variability resulting from climate changel’°]. Therefore, it is not
appropriate to use a constant EMC to characterize the
pollutant load washed out by each rain event at a small
timescale.
By more accurately modeling temporal variation, we
investigated the influence of model improvement on the time
duration estimation of first flush. Assuming this rainfall lasted
for an hour, we calculated the relationship between changes in
water volume and pollution load during different time intervals
within the hour. The results are presented in . These data
shows that within the first 15 min, about 12% of the runoff
carries roughly 80% of the COD load, 95% of the TN load and
90% of the TP load. This indicates that intercepting only 12%
of the runoff in the first 15 min can significantly reduce these
pollution loads. This finding is beneficial for implementing
control measures aimed at mitigating non-point source

pollution in rural-residential areas.

4 DISCUSSION

4.1
Established wash-off models were developed to quantify

Improvements of the enhanced model

contaminants, especially particulates containing heavy metals

from road/street/highway to water bodies by wash-
offl*11,15,27.28] - Although established wash-off models have
been improved over timel'»'?°=7!l  the role of wet

precipitation has been largely ignored. In addition, earlier
research also overlooked the indirect inputs of atmospheric
deposition to water bodies through runoff, focusing solely on
direct precipitationl’>’]. However, this study found that
introducing wet precipitation can both enhance the accuracy of
wash-off model (
pollutants. The introduction of wet precipitation expands the

) and reveal distinct characteristics of

two processes (build-up and wash-off) into three, thus
improving the physical mechanism of wash-off model and
addressing the problem of zero pollution load in runoff during
the later stage of a rain event. This improvement should be
significant in regions with polluted rainfall. The enhanced
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Fig. 6 Comparison of simulated pollutant concentration in runoff between the enhanced wash-off model and EMC method.
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Fig. 7 Comparing the contributions of runoff g(t) and cumulative pollution load washed out F(t) at various time ranges.

model can differentiate two modes, the S-shaped curve  different control measures are required for different pollutants.
dominated by land pollution and the straight-line curve In addition to wet precipitation, SCS-CN method estimates

dominated by wet precipitation ( ). Consequently, runoff yield based on the amount of rainfall and underlying
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surface. Accordingly, the pollution load simulated by the
enhanced model shows a delay effect compared to established
wash-off models using rainfall as q(f). This improvement
enables researchers to consider the influence of rainfall
characteristics including intensity and interval between rainfall

events.

The wash-off model simulates the generation of pollutants in
runoff, which is the back end of pollution accumulation and
the front-end of migration and transformation of pollutants.
Compared to EMC method, the enhanced model provides data
interfaces for researchers. As Eq. (8) shows, my is part of the
surplus pollutant load, which can be calculated by nutrient
budget! 1. In these
studies, environmental costs are typically presented as material

I or material/substance flow analysis|

losses (i.e., input minus output), regardless of the difference
between pollution generation and emission. Parameter k
represents the difficulty of pollutants to wash out by runoff and
accounts for factors such as land types, slopes, soil types and
vegetation. Parameters m, and k enable the depiction of the
spatial heterogeneity of rainfall-runoff pollution using high-

resolution information on human activities!"’~*’], instead of
monitoring and calculating EMCs in many regions. As evident
in , compared to the EMC method, which tends to
overestimate pollutant concentrations during most stages of a
rain event, the enhanced model performs better in estimating
high-temporal-resolution pollution loads. Also, pollution
concentrations of rain events vary in a large range, leading to
the need to average monitoring values of multiple rain events
when using EMC method. This not only increases the
workload but also loses the unique characteristics of each
rainfall. In contrast, the enhanced model simulates pollution
concentration based on physical processes, which enables
stable and accurate characterization of runoff pollution.

4.2 Implications for non-point source pollution
management

The first flush is considered to be key for controlling rainfall-
runoff pollution because of its short duration and heavy
pollution loadl"'l. In contrast to established models, our
simulation ( ) shows that 12% of total runoff contains 80%
to 95% of total pollution load for COD, TN and TP, which are
dominated by land pollution (Group A). However, it only
contains 15% of total pollution load for NH4*-N, which is
dominated by wet precipitation (Group B). This means two
strategies are necessary to mitigate rainfall pollution. For
Group A, it is crucial to collect and treat runoff during the first
15 min to prevent pollution from entering drains or water

courses. First flush diverters are commonly used in urban areas

to collect runoff for treatment systems!'’l. However, rainfall
treatment facilities are uncommon in rural areas. Artificial
wetlands, decentralized sewage treatment facilities and
ecological ponds are recommended to accept the first flush
from the drainage. Given the operating cost, accurately
estimating duration and pollution load of first flush is required
to reduce the treatment capacity of these systems!*’], especially
in rural areas with lower GDP. For Group B, the cumulative
pollution load is proportional to time duration; therefore it is
necessary to continuously collect all rainfall. Generally, the
following steps are suggested for designing collection and
treatment system of first flush: (1) identify the target pollutant,
(2) determine if it is Groups A or B using the enhanced wash-
off model, and (3) simulate the duration and pollution load of
first flush or whole runoff. Also, direct removal of pollution in
first flush and measures to reduce mg and k can be applied.
Precision fertilization!*] can decrease nutrient surplus in
agricultural lands, and waste management(’”! can reduce the
initial pollution load. The physical and chemical form of
pollutants also needs to be considered because this influences
wash-off potential. The relationships between k and factors
including such as slope, land use and vegetation require

investigation.

4.3 Model extrapolation and uncertainties

The enhanced model was developed based on physical
processes including buildup, wash-off and wet precipitation,
and theoretically can be applied in any region and to any
pollutant. While earlier studies used the models mainly on
impervious surfaces, this study proved that the enhanced
model performs well in permeable lands such as the vegetable
field. However, the model could also be used and validated in
more land-use types such as village roads, roofs, waste
dumping plots and courtyards. In future work, inhomogeneous
rain intensity could be included in the model, and key factors
influencing my and k should be investigated.

Despite the clear improvement in the performance the enhance
model, uncertainties persist due to several factors including
limited observations of rainfall events and inadequate
representation of diverse seasons, land-use types, slopes and
rainfall amounts. Also, the assumption of constant rainfall
intensity and rain pollution concentration made in this study is
a simplification of real-world conditions. Consequently, the
subsequent enhancement of the model should focus on
incorporating non-uniform rainfall patterns into the model
equations. In future work, precise observation of rainfall can be
considered to address this issue. Additionally, the current

model simulated the rainfall-runoff pollution for a single land
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plot without considering the interactions among multiple plots.
Addressing this limitation should significantly augment the
utility of the model for estimating pollution loads associated
with rainfall-runoff processes.

5 CONCLUSIONS

To improve the modeling of rainfall-runoff pollution, this
study enhanced the wash-off model by introducing wet
precipitation, and the relationship between rainfall and runoff.
This enhanced wash-off model was validated in a typical rural-
residential area in Gusheng Village in the Erhai Lake Basin.
Our findings suggest the enhanced model is more effective

because of the inclusion of pollutant concentration in wet
precipitation thereby identifying two different categories of
pollution: one dominated by land pollution and the other by
rainfall pollution. Compared to the EMC method, the
enhanced model more accurately simulated pollutant
concentrations in runoff at high-temporal-resolution. The
results show that 12% of the total runoff contains 80% to 95%
of total load for COD, TN and TP whereas it contains only 15%
of total load for NH4*-N. Based on more refined depiction of
pollution load and temporal variation in rainfall, the enhanced
model provides deeper insights into non-point pollution
management especially the potential benefit of controlling the

first flush.
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