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Abstract

Background

Non-point source pollution (NPS) contributions became major causes of water quality
degradation in Chinese rivers and lakes. Lake Taihu (2338 km?), which is located in the
Yangzi River Delta, is the third largest freshwater lake in China. In the past 20 years,
with rapid social and economic development, Lake Taihu has been suffering severe
water quality deterioration and eutrophication problems. With recent effective
abatement of point source pollution, it was estimated that at least more than 50% of the

total pollution loads were generated by NPS in the Taihu Basin.

As improvement of water quality has become urgent and imperative for Chinese
people, in the National Twelfth Five-Year Plan, the Chinese Government gave high
priority and attached great importance on watershed hydrology and water quality
simulation technology and targeted watershed management. The Taihu Basin Authority
of Ministry of Water Resources is making vigorous efforts on promoting the integrated

management of small and middle-scale river basins to respond to the national policy.

Our study area, the Pingqgiao River Basin, is a small-scale river basin located in the
upstream of the Taihu Basin. The water quality of the Pingqgiao River Basin is closely
related to the drinking water safety of Liyang City and the sustainable development of

local economies of the Taihu Basin

Literature review

The NPS model is an important tool and effective technique for quantitative control
and management of NPS. Various NPS models have been proposed in the past decades.
Research into NPS modelling in China started in the early 1980s, developed from
empirical modelling (e.g. statistic model, Export Coefficient Model (ECM)) to

distributed water quality models.
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Statistical models use monitoring data in typical experimental plots to build statistical
relationships between precipitation, runoff and water quality. Statistical models have
been applied in some basins in China, however, they were based on large quantities of
measured data, available only in some specific areas. In addition, with the basin
underlying surface condition changing, the reliability of the simulation results will be

reduced.

ECM has been in general use because of simplicity and robustness. It assumes that
the nutrient load exported from a watershed is equal to the sum of the losses from
individual sources, such as land-use, livestock, rural life, etc. However, the choice of an
export coefficient from the literature is subject to be with considerable uncertainty

because of the difference in agricultural land management practices in China.

The distributed water quality models have been also applied in China in some river
basins, reservoirs and lakes with satisfactory results. Among them, SWAT, AnnAGNPS
and NSPF models are the most common ones and well applied. However, due to the
large number of parameters, requirements for a large body of input data and limited
available information, it is difficult to calibrate and validate these models, limiting their

applications in China.

Objectives
As aresult, in order to improve water quality problems of Lake Taihu, this study aims

to quantitatively study the NPS issues of the upstream river basin through:

1) Proposing a NPS modelling based on hydrograph separation by a distributed
hydrological model and Time-Space Accounting Scheme (T-SAS) as an alternative

method which falls between ECM and fully physically-based models.

2) Verifying the applicability and reliability of hydrograph separation approach
(T-SAS) through a testing study at a data-sufficient experimental basin.

3) Exploring the NPS export features in terms of different spatial zones (land-uses)
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and temporal periods (short term and long term) according to our simulation results in

target study area.

4) Proposing targeted and appropriate countermeasures for NPS control and

management based on our simulations and the local conditions and limitations.

Originality

This proposed NPS modelling outputs time series of NPS nutrient loads exported
from different spatial zones that is useful for targeted quantitative analysis; the
hydrological model used in this study is fully physically-based while the water quality
sub-model is more empirical based thus it has simpler calculation process and lower
demand of data than distributed water quality models; in addition, our calculation basis
of NPS nutrients i.e. source runoff concentration, is based on field measurement or
inversely estimated. Therefore, the proposed approach may be suitable to conduct
simulation with acceptable reliability in a watershed without enough water quality

information.

Method

In this study we consider that the NPS nutrient loads in stream is a mixing of NPS
nutrient loads from each spatial zone. This model simulates the NPS nutrient loads
exported from each spatial zone and the NPS nutrient concentrations in streams. The
spatial zone is considered as three land-use types (urban, agriculture and forest) and the
stream runoff is mixed by runoff originated from each land-use. Our model simulates
spatially exported NPS nutrient loads by estimating flow discharge contribution rates
from different spatial zones and source runoff concentrations of nutrients for each
spatial zone. The flow discharge (or contribution rate) is estimated from hydrograph
separation results (in terms of spatial zones) by a distributed hydrological model and
T-SAS. The source runoff concentrations can be estimated by field measurement or an

inverse approach based on multiple stream flow samples.

Research processes and results

Firstly, a testing application of hydrograph separation in terms of source components
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(surface flow, subsurface flow and groundwater flow) was conducted at the Kiryu
Experimental Watershed which has sufficient observation data and previous studies
results to verify the applicability and reliability of our hydrograph separation approach.
We firstly developed a hydrograph-separation-based groundwater representing
hydrological rainfall-runoff model and applied at the Kiryu Experimental Watershed
with the streamflow discharge representing bedrock groundwater effects well validated.
Then we used the T-SAS to separate hydrograph by source components and compared
the results (groundwater contribution) with previous analyzed results by End-member
mixing analysis (one approach of hydrogeochemical study). Our simulation results
showed considerable contributions of bedrock groundwater (27% ~ 60%) to
rainfall-runoff generation processes and increased groundwater contributions when
upscaling basin scale. The consistence of groundwater contributions and dynamics with
previous end-member mixing analysis results indicated the acceptable reliability of our

model and applicability of T-SAS.

Then we applied our NPS model at the Pinggiao River Basin which is an upstream
sub-basin of Lake Taihu for a storm event and a long-term study. In the event study,
source runoff concentrations were inversely estimated and in the long-term study the
continuously and regularly measured ones were used. In the two applications, stream
discharge hydrograph was separated by different spatial zones (land-uses) as urban,

agricultural area and forest.

In the storm event simulation, the inversely estimated source runoff concentrations
showed satisfactory agreement with field measurement in the near period. The analysis
suggested that this area (22.3 km?) exported about 2,630 kg of total nitrogen (TN)
during the investigated storm event, and the urban area (5.3% of total area) contributed

18.5% of TN and 80.1% of ammonia nitrogen.

The one-year simulation (2014/12/1 ~ 2015/11/30) estimated 79,010 kg of TN and
1,670 kg of total phosphorus (TP) export. Simulated stream nutrient concentrations
showed satisfactory agreement with the observations as the RMSE and RE of total
nitrogen is 0.77 mg/L and 19.6% and the RMSE and RE of total phosphorus is 0.051
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mg/L and 34.3% in summer. Our results well reflected the effects of runoff and farming
activities on the seasonal nutrient load characteristics. 50.6% and 27.3% of TN were
contributed in summer and spring, and 45.2% and 33.8% of TP were contributed in
summer and autumn. Comparison of the two studies showed that the TN loads based on
estimated source runoff concentration had about 30% overestimation than the results

based on measured source runoff concentration.

The targeted countermeasures were proposed based on simulation results and local
conditions. The drainage system and sewage treatment improvement were given the first
priority because the urban area (5.3% of total area) had the highest contribution rate of
NPS in both event (TN (18.5%), ammonia nitrogen (80.1%)) and long-term (TN
(15.3%), TP (26.9%)) simulations. For the agricultural area, 30% reduction of current
chemical fertilizer use was estimated to reduce 9,576 kg of TN export in the selected
year. Forest suffering severe deforestation and soil erosion contributed 44.3% of TN

and 36.6% of TP, thus afforestation on steep slopes is considered necessary and urgent.

Future work

Among various sources of uncertainty, the current study lacks the detailed validation
of hydrograph separation results (particularly separation results by spatial source), the
timely water sampling data for the inverse source runoff concentration estimations and
more detailed land-use classifications and source runoff investigations. The testing
application also highlighted the necessity of improving groundwater level (surface)

reflection in our model.
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Chapter1 Introduction

1.1 Background

Water pollution and water quality have become significant issues of China during the
rapid economic development recently. Although China has made great efforts in water
environmental protection and water quality improvement over the past decades, analysis
reveals that water pollution is still not controlled sufficiently, with a number of surface

waters suffering varying degrees of pollution currently?).

Lake Taihu (2,338 km?), which is located in the Yangzi River Delta, is the third
largest freshwater lake in China. The Taihu Basin (36,900 km?), with high population
density, urbanization rate and economic development, is the most industrialized area in
China?. In the past two decades, with the rapid social and economic development, Lake
Taihu has been suffering severe water quality deterioration and eutrophication

problems® .

In late May, 2007, a drinking water crisis occurred in Wuxi City, Jiangsu Province of
China. A massive bloom of the toxin producing cyanobacteria Microcystis spp. occurred
in Lake Taihu and approximately two million people suffered drinking water shortage

for at least one week>).

As improvement of water quality has become urgent and imperative for Chinese
people, in the National Twelfth Five-Year Plan, the Chinese Government gave high
priority and attached great importance on watershed hydrology and water quality
simulation technology and targeted watershed management®. The Taihu Basin Authority

of Ministry of Water Resources is making vigorous efforts on promoting the integrated



management of small and middle-scale river basins to respond to the national policy”.

With effective control of point source pollution during recent decades, non-point
source pollution (NPS) contributions became major causes of water quality degradation
in Chinese rivers and lakes®. The previous investigation and study suggest that the
pollutants generated by NPS comprises more than 50% of the total pollution loads in the

Taihu Basin”.

Because it is difficult to monitor, control and manage NPS lead by its characteristics
such as complex mechanisms and processes, wide range, random occurrence and
uncertainties'”, many previous researchers have made great efforts to develop various
NPS models to quantitatively simulate and study it for effective control and

management of NPS?.

The NPS models quantitatively describe the complicated pollution generating process
of the entire basin, analyze spatial and temporal features of NPS, help identifying the
main source contribution and migration path, simulate NPS loads and the environment
impact and estimate effects of land-use management and technical countermeasures.
Therefore, the NPS model is an important tool and effective technique for quantitative

control and management of NPS'?.

Various NPS models have been proposed in the past decades. Research into NPS
modelling in China started in the early 1980s and developed from empirical modelling
(e.g. statistic model, Export Coefficient Model (ECM)) to distributed water quality

models'?.

Statistical models use monitoring data in typical experimental plots to build statistical
relationships between precipitation, runoff and water quality'". Statistical models have
been applied in some basins in China with satisfactory results, however, they were
based on large quantities of measured data, available only in some specific areas. In
addition, with the basin underlying surface condition changing, the reliability of the

estimation results will be reduced subsquently'?.
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ECM has been in general use because of simplicity and robustness'?. It assumes that
the nutrient load exported from a watershed is equal to the sum of the losses from
individual sources, such as land-use, livestock, rural life, etc. However, the choice of an
export coefficient from the literature is subject to be with considerable uncertainty

because of the difference in agricultural land management practices in China'?» ¥,

The distributed water quality models have been also applied in China in some river
basins, reservoirs and lakes with satisfactory results. Among them, SWAT, AnnAGNPS
and NSPF models are the most common ones and well applied. However, due to the
large number of parameters, requirements for a large body of input data and limited
available information, it is difficult to calibrate and validate these models, limiting their

applications in China'®- 1)

1.2 Objectives

In order to improve water quality problems of Lake Taihu, this study aims to

quantitatively study the NPS issues of the upstream river basin through:

1) Proposing a NPS modelling based on hydrograph separation by a distributed
hydrological model and Time-Space Accounting Scheme (T-SAS)!” as an alternative

method which falls between ECM and fully physically-based models.

This method outputs time series of NPS nutrient loads exported from different spatial
zones. The hydrological model used in this study is fully physically-based while the
water quality sub-model is more empirical based thus it has simpler calculation process
and lower demand of data than distributed water quality models. In addition, our
calculation basis of NPS nutrients i.e. source runoff concentration, is based on field

measurement or statistically inverse estimation. Therefore, the proposed approach may



be suitable in a watershed without enough water quality information in China.

2) Verifying the applicability and reliability of hydrograph separation approach

(T-SAS) through a testing application at a data-sufficient experimental basin.

3) Exploring the NPS export features in terms of different spatial zone (land-use) and
temporal period (short term and long term) according to our simulation results in the

target study area.

4) Proposing targeted and appropriate countermeasures for NPS control and

management based on our simulations and the local features and limitations.

1.3 Brief contents

Chapter 1 is the introduction of this study.

Chapter 2 introduced the basic information of our study area (the Pingqiao River
Basin) which is the upstream river basin of Lake Taihu. The current situation of study
area was also introduced based on our field investigation in terms of water quality

measurement and pollution source investigation.

Chapter 3 described the hydrograph-separation-based NPS modelling as our main
methodology. Firstly, a distributed hydrological model (Rainfall-Runoff-Inundation
model) and Time-Space Accounting Scheme were introduced as the basic tools for
hydrograph simulation and separation. Then the mass conservation equation and source
runoff concentration were introduced as basic concept and calculation basis of this
method respectively. Finally, hydrograph separation approach in terms of source
components which was used in a testing study (Chapter 4) to verify the performance of

T-SAS approach were introduced individually.



Chapter 4 validated the applicability of hydrograph separation approach (T-SAS) in
terms of source components (surface flow, subsurface flow and groundwater flow) at
the Kiryu Experimental Watershed of Shiga Prefecture, Japan. As this well-studied
basin has sufficient observation data and previous studied results, the applicability and

reliability of our approach was tested and verified.

Chapter 5 conducted a NPS simulation for a storm event study (short term) using

inversely estimated source runoff concentration.

Chapter 6 conducted a NPS simulation for a one-year study (long term) using field
measured source runoff concentration. NPS nutrient loads were simulated and the
spatio-temporal characteristics of NPS export were summarized. Finally targeted and
appropriate countermeasures were proposed based on simulation results and local

conditions.

Chapter 7 concluded the main findings and unsolved issues of this study.



Chapter 2 Study area

The Pingqiao River Basin which is the upstream river basin of Lake Tianmu is our
target study area with detailed information introduced in Section 2.3. The Tianmu Basin
is located in the upstream area of the Taihu Basin. The Taihu Basin and the Tianmu

Basin are introduced in Section 2.1 and 2.2 for providing more background information.

2.1 Lake Taihu and the Taihu Basin

Lake Taihu is the third largest freshwater lake in China with a surface area of 2,338
km? and a basin area of 36,895 km? 2V, It is located in the Yangtze River Delta in
eastern China (Figure 2.1). Lake Taihu is characterized by its shallowness with average

water depth of 1.9 m 2.

The Taihu Basin belongs to the subtropical monsoon climatic area with abundant
precipitation, distinct four seasons and hot summer. The annual average temperature is
14.9°C ~ 16.2°C and the annual average total precipitation is 1,177 mm. About 60% of

precipitation concentrates during May to September”.

The total water resource in the Taihu Basin is 17.6 billion m® and 398 m? for per
capita. The total area of water surface of the Taihu Basin is 5,551 km? with 189 lakes of
water surface area more than 0.5 km?. 228 rivers access in Lake Taihu, the total length

of these rivers is about 120,000 km and the river density is 3.3 km/km? 7.

The Taihu Basin is the most industrialized area in China with high population density
(1,552/km?), urbanization rate and economic development?. Besides the mega city

Shanghai, this area has seven more large and medium-sized cities and rapid developing
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rural areas. This area covers 0.4% of the total area of China, however, it has population
of 59.93 million which accounts for 4.4% of the total population and provides GDP of
6,305.5 billion CNY (930.4 billion USD) which accounts for 9.9% of the National GDP
(in 2014). The GDP Per capital of the Taihu Basin is as 2.2 times as the national

average'?).

Lake Taihu is the key water source for agriculture, industry and major drinking water
for surrounding cities (such as Shanghai, Suzhou, Wuxi, and Huzhou) and it is also
important for tourism, aquaculture and flood control®. However, with rapid social and
economic development, Lake Taihu has been suffering severe water quality
deterioration and eutrophication problems during the past two decades® ¥. In 2013,
water quality of 73.9% of total area of Lake Taihu was under Class V which is the

minimal class according to the Chinese Surface Water Quality Standard

(GB3838-2002)2,

During recent decades with effective abatement of point source pollution, NPS
become the primary pollution sources of Lake Taihu?. The Implementation Plan of
Comprehensive Control of Water Environment in the Taihu Basin of Jiangsu (2013)
reported that the pollutants generated from agricultural NPS account for 44.9% and
68.2% for total nitrogen (TN) and total phosphorus (TP) and pollutants generated from
urban areas account for 24.5% of TN and 25.2% of TP respectively”.

FN Fﬁ 7§ni ,ﬁ, ﬁi §l ZN ,% _§

Figure 2.1: Location information of Lake Taihu and surrounding areas
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The west and southwest hilly areas are the main runoff areas (Figure 2.2), within

which some reservoirs provide drinking water source for downstream residents.

2.2 Lake Tianmu and the Tianmu Basin

Lake Tianmu (12 km?), which is also called Shahe Reservoir, is located in the western
hilly area of the Taihu Basin. It was built in 1960 as a multifunctional reservoir for
drinking water, irrigation, tourism and fisheries. According to the survey in 2001 and
2002, the maximum water depth of Lake Tianmu was 14 m and the largest water
storage capacity was 110 million m*'®. It is also the National AAAAA Level Scenic
Spot (the highest level) and the Provincial Nature Reserve. It is said to be the “last clean
water body” in the Yangtze River Delta economic circle!”. Lake Tianmu is one of the
two drinking water sources for Liyang City (located in downstream) with population of

0.76 million in 2015 (another one is the Daxi Reservoir with the basin area of 90 km?).

The Tianmu Basin, with area of 148.5 km?, is a sub-basin of the Taihu Basin. In the
upstream areas of Lake Tianmu, three main rivers flow from south to north. They are
the Pingqgiao River, the Xiasong River and the Zhongtian River. Figure 2.2 shows the

location information of the Taihu Basin and the Tianmu Basin.

The Tainmu Basin belongs to subtropical monsoon climatic area with abundant
precipitation and sunshine and distinct four seasons. The annual average temperature is
15.7°C, the average annual total precipitation is 1169.3 mm and the precipitation
concentrates during April to September!®. This area has a variety of landforms such as

low mountains, hills and plains with elevation ranging from -22 m to 542 m.

The main land-use type of this area is agriculture (e.g. paddy field, farmland, tea
plantation and orchard), urban (town) and forest. Forest is concentrated in the upstream
hills and low mountains. As the population density of the Tianmu Town (within which
is the Tianmu Basin) is about 326/km? in 2014, the total population of this area is

speculated as around 48 thousand. The primary industry is agriculture, tea production
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and tourism.

The water quality of the Tianmu Basin is closely related to the drinking water safety
of Liyang City and the sustainable development of local economies of the Taihu Basin.
With the recent economic growth, development of tourism, tea production and livestock
and poultry cultivation, pollutants have been increasingly produced and discharged into
rivers and lake, resulting in water quality degradation in Lake Tianmu. Recent
investigation (2006) showed that the average concentration of TN and TP increased as
2.7 times and 2.0 times than the average level during 2001 to 2002??. With effective
abatement of point source pollution, NPS contributions became major sources of TN

and TP loads'® 19,

1) Excessive use of pesticides and chemical fertilizers, 2) Primitive livestock and
poultry cultivation, 3) Untreated domestic sewage and waste, 4) Increased tourism
development, 5) Surface erosion and nutrients delivered with sediments; were reported

to be the main causes of NPS in this area'® 1522,

Tianmu Basin
Taihu Basin  — Lake Taihu

Lake Tianmu N
] A mm Tianmu Basin
Pinggiao River Basin N DEM
DEM '
po High : 542 ; “= Low : -52
S Low ;22 ¥ /;; >
€ Y (e e
< 5 '
2
i
Zhongtian . Ri
y ‘ i
River ¥
3150 3k 0 25 50 100
g Pinggiao ! y km

River

Figure 2.2: Location information of the Taihu Basin and the Tianmu Basin



2.3 The Pingqiao River Basin

The Pingqgiao River is one of the three upstream rivers of the Tianmu Basin and the
Pinggiao River Basin is our target study area. It is an area of 22.3 km? with elevation
ranging from 5 m to 437 m above sea level. It is a typical small-scale hilly basin of the
Taihu Basin with landforms of nearly half hills and half plains. It has forest
concentrated in the upstream hills, agricultural land distributed in low areas and a town

(urban) located in the downstream near the outlet as figure 2.3 shows.

In order to well study the NPS in such small-scale river basins, Nanjing Institute of
Geography and Limnology, Chinese Academy of Sciences started the water quality
sampling and measurement from November 2014 and provided strong technical support

for this research.

Figure 2.3 shows the topographic and land-use conditions of the Pingqiao River Basin.
The topographic data is based on ASTER GDEM V2 with 30-m resolution. Land-use
was manually extracted from the Google Earth images (2016/1/7) and classified into
four types: urban (5.3%), agriculture (31.3%), forest (62%) and water body (1.4%). Soil
type was assumed to be uniform as loamy sand by referring previous research at an

adjacent river basin!?.

For observations, precipitation has the temporal resolution of six hours from
OGIMET and the daily resolution from Chinese Academy of sciences; discharge data
was discontinuously measured for 27 times during a period between 2016/5/27 and
2016/7/6. For water quality observations, nine points in the stream flow (2014/11/25 ~
2015/11/27) and three points of source runoff (2014/12/30 ~ 2015/11/27) were sampled
on the weekly basis (monthly basis for forest source runoff point). Discharge and water
quality observations were provided by Chinese Academy of Sciences. Source runoff

observation points is to be introduced in Section 3.4 for details.
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Figure 2.3: Topographic and land-use conditions of the Pinggiao River Basin

2.4 Field investigation

In order to well grasp the current situation of this study area, a field investigation has
been conducted in the Tianmu Basin from 2014/11/19 to 2014/12/18 including water
quality measurement and pollution source investigation. This investigation was
collaborated with the Nanjing Institute of Geography and Limnology, Chinese Academy
of Sciences and the HORIBA, Limited. The Chinese Academy of Sciences provided full
local assistance and data exchange, the HORIBA, Limited provided technical support

for water quality item measurement.

2.4.1 Basic information

Photo 2.1 shows the basic images of Lake Tianmu and the three upstream rivers.
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Generally, this area has beautiful views and clean water visually.

Lake Tianmu

Photo 2.1: Basic images of Lake Tianmu and three upstream rivers

In the upstream areas, the Xiasong River Basin and the Zhongtian River Basin are
relatively uniformly consisted of forest and agricultural land and the Pinggiao River
Basin is consisted of forest, agricultural land and a small proportion of urban area (the
Pinggiao Town) located near its outlet. In the downstream areas, lands near Lake
Tianmu are used for agriculture production particularly for tea plantation. Areas
surrounding Lake Tianmu (particularly in the northern half) is concentrated with hotels

and resorts for tourism. Photo 2.2 shows typical land-uses of the Tianmu Basin.
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Photo 2.2: Typical land-uses of the Tianmu Basin

2.4.2 Water quality of Lake Tianmu

We have sampled and measured 17 points of water quality surrounding Lake Tianmu
and 18 points in the upstream rivers. The sampling point selection is comprehensively
based on considering certain and regular intervals, accessibility and reflection of
tributary and land-use changes. Figure 2.4 shows the location information of each
sampling point. Water quality of Lake Tianmu shown in Table 2.1 indicated that it did
not achieve the drinking water source standard (Class I by Chinese Surface Water
Quality Standard (GB3838-2002)) and the exceeded items were COD, TN and TP as
highlighted.

Figure 2.5 shows the water quality spatial distribution map of Lake Tianmu in terms
of TN and TP. 17 sampling points surrounding the lake (measured on 2014/11/20,
sunny) and three points at or near outlets of upstream rivers (measured on 2014/12/12,
sunny) were plotted on these maps. The average concentration of TN at (or near) outlets
of upstream rivers are 2.4 times higher than the lake average and the average
concentration of TP of river outlets (or near outlets) are 38% of the lake average. That

upstream rivers have higher TN concentrations than lake indicates that upstream rivers
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have certain NPS contributions to the lake. On the other hand, upstream rivers have
lower TP concentrations, however, as phosphorus nutrients less dissolve in water, they
are gradually delivered and accumulated in the lake, causing higher concentrations in
lake after a long period. Also, the delivery of NPS nutrients is closely related with the

hydrological process (runoff) and this issue is discussed in the next section.

Z-@ @ Outlet
! J{-(I)

(5 =

Figure 2.4: Sampling points of Lake Tianmu and the three upstream rivers
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Table 2.1: Main water quality items of Lake Tianmu and outlets of rivers

{ P\nng_au

:;] ?::‘e{ /(IOUTIet_I" pous

&gsong
K <

\F’
Ive *q,‘ 4
. 5 AN

TN
o

Sampling points pH DO |COD Mn|NH4-N| TP TN
Lake Tianmu_1 6.71 8.5 6.2 | 0.077 | 0.084 ) 1.014
Lake Tianmu_2 7.19 | 10.1 | 6.856 | 0.136 | 0.092 | 1.015
Lake Tianmu_3 7.4 | 9.84 | 7.512 | 0.081 | 0.059 | 0.955
Lake Tianmu_4 7.35 | 10.2 | 6.12 | 0.108 | 0.100 | 0.968
Lake Tianmu_5 7.42 | 10.2 | 6.064 | 0.087 | 0.010 | 0.995
Lake Tianmu_6 7.32 1 10.24 | 8.96 | 0.041 | 0.084 | 0.8%6
Lake Tianmu_7 7.37 | 9.85 | 6.728 | 0.074 | 0.059 | 0.842
Lake Tianmu_8 7.9 | 876 | 6.04 | 0.060 | 0.067 | 0.786
Lake Tianmu_9 7.57 | 10.2 | 5.856 | 0.049 | 0.067 | 0.872
Lake Tianmu_10 7.81 | 10.28 | 5.88 | 0.052 | 0.051 | 0.875
Lake Tianmu_11 7.76 | 9.91 | 5.752 | 0.043 | 0.051 | 0.899
Lake Tianmu_12 7.77 | 8.97 | 6.256 | 0.065 | 0.092 | 0.919
Lake Tianmu_13 7.94 | 9.25 | 5.12 | 0.132 | 0.149 | 0.982
Lake Tianmu_14 7.95 | 9.4¢1 5.08 | 0.088 | 0.133 | 0.945
Lake Tianmu_15 7.68 | 9.32 | 5.056 | 0.059 | 0.149 | 0.900
Lake Tianmu_16 7.32 | 8.95 | 6.072 | 0.082 | 0.248 | 0.790
Lake Tianmu_17 8.1 | 10.41 | 6.584 | 0.048 | 0.207 | 0.740
Outlet_Pinggiao 8.2 |12.88| 0.88 | 0.318 | 0.079 | 3.236
Near outlet_Xiasong 8.33 | 13.95| 0.64 | 0.033 | 0.022 | 1.218
Near outlet_Zhongtian | 8.04 | 12.52 [ 1.68 | 0.045| 0.013 | 2.090

Chinese Surface Water Quality Standard

1 (Source water) 6~9 | 27.5 <2 <0.15 | =0.01 | =0.2
I (Drinking water source] 6~9 6 <4 <0.5 [£0.025] <0.5
M (Drinking water source] 6~9 =5 <6 <1.0 | =0.05| =1.0
IV (Industry water) 6~9 >3 <10 <1.5 | 0.1 | =1.5
V (Agriculture water) [ 6~9 22 <15 <2.0 | <0.2 | <2.0
TN (mg/L) TP (mg/L)
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Figure 2.5: Water quality spatial distribution map of Lake Tianmu and outlets of rivers
(per unit length of the bars represent 1.6 mg/L of TN concentration and 0.12 mg/L of

TP concentration)
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2.4.3 Water quality of upstream rivers

As NPS nutrients are considered to be contributed from upstream rivers and closely
related with the hydrological process (runoff), we measured the water quality of the
three upstream rivers in two days under different weather conditions (2014/11/25, rainy
and 2014/12/12, sunny). Sampling points locations are illustrated in Figure 2.4 and
results are shown in Figure 2.6. Photo 2.3 shows the visual changes of the three rivers in

these two days at the same locations.

Figure 2.6 is the longitudinal view of stream water quality of the three rivers in terms
of TN, TP, nitrate nitrogen (NO3™-N) and ammonia nitrogen (NH4"-N) respectively. The
purple line represents water quality measured in a raining day (2014/11/25) and red line
represents that measured in a non-raining day (2014/12/12). It is obvious that nutrients
in that raining day had higher concentrations than the non-raining day for all the items

and almost all the points.

For the Pinggiao River, points P-(, P-@ and P- located near urban areas had
higher NPS nutrient concentrations than other points (particularly for NH4"-N and TP).
The longitudinal water quality changes of the Xiasong River and the Zhongtian River
were relatively smooth because the land-uses of the two rivers are uniformly consisted
of forest and agricultural land thus they have less urban effects. These data sets well

reflected the runoff and land-use effects on NPS concentration changes.

Additionally, the NPS concentration amplification of the Xiasong River in raining
day was obviously larger than the other two rivers (except some points near the
Pingqgiao River’s urban area, e.g. Points P-(D, P-@ and P-@®). It is considered that
because the Xiasong River is the smallest one among the three, its water quality is

easily affected relatively.

As mentioned above, the average TP concentration of river outlets (or near outlets)

were lower than the lake, however, the river average TP concentration under runoff
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process (in raining day) was 2.2 times higher than the lake average, meaning a large
amount of phosphorus nutrients were flushed into the lake through runoff process rather

than non-raining days.

Non-raining Pinggiao Ri jor 1L \ i [ i Zhongtian River

Photo 2.3: Appearance changes of the upstream rivers in raining and non-raining days
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Figure 2.6: Longitudinal view of water quality changes of the three upstream rivers
(a) TN, (b) NOs-N, (c) NH4"-N, (d) TP

2.4 .4 Pollution source investigation

We have investigated the upstream areas for NPS pollution source and found
consistency with the descriptions by previous studies. The images of the investigated

fields are shown in Photo 2.4 with details described below:

1) Primitive livestock and poultry cultivation
The poultry cultivation in backyard is common for local households and the
small-scale livestock cultivation is also well seen. The feces of livestock and poultry is

untreated and directly discharged into the river.

2) Untreated domestic sewage and waste
This area has poor drainage and sewage facilities. The most popularized domestic

sewage system is the poorly equipped septic tank. Residents use it to produce manure
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however it may flush out waste water through surface runoff.

Additionally, open and free dumped domestic wastes are well seen on vacant lands

such as river banks.

Washing activities besides rivers are also common. Even worse, if the phosphorus
containing detergents are well used, this will cause a large amount of phosphorus export
into water body. Although the Taihu Basin has started the implementation to prohibit
phosphorus containing detergent use, Chen and Hua (2004) indicated that the
phosphorus containing detergent use is one important cause of NPS of the Taihu

Basin??.

3) Increased tourism development

Superior hotels and resorts are concentrated surrounding Lake Tianmu, however, in
the upstream areas, local residents managed a considerable number of family hotels for
addition income. These increased family hotels may increase domestic waste and

sewage discharge into rivers when without effective management and treatment.

4) Surface erosion and nutrients delivered with sediments

In some areas the severe deforestation and environmental damage are obvious. We
have also found some sand factories exposed their sand materials without shelters. This
may be flushed out and with the increased sediments by surface erosion, it will cause

NPS nutrient burden to downstream areas.
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Photo 2.4: Investigation of NPS pollution sources
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Chapter 3 Methodology

3.1 Outline

In this study we consider that the NPS nutrient loads in stream is a mixing of NPS
nutrient loads from each spatial zone. This method simulates the NPS nutrient loads
exported from each spatial zone and the NPS nutrient concentrations in streams. The
spatial zone is considered as three land-use types (urban, agriculture and forest) and the

stream runoff is mixed by runoff originated from each land-use.

NPS nutrient loads exported from each spatial zone is the product of discharge and
source runoff concentration of each spatial zone. The stream nutrient concentration is
the summary of products of flow discharge contribution rate and source runoff

concentration of each spatial zone.

Flow discharge (or contribution rate) from each spatial zone is estimated by a

distributed hydrological model and T-SAS.

The source runoff concentration is the average NPS nutrient concentration of runoff
originated from each grid of the same spatial zone and it can be estimated by field

measurement or an inverse approach based on multiple stream flow samples.

3.2 Rainfall-Runoff-Inundation model
3.2.1 Model structure overview
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The RRI model is a 2D grid cell-based hydrological model which simulates both
rainfall runoff and flood inundation processes (Figure 3.1). This model has three main
features as following:

1) The RRI model calculates flow based on 2D diffusive wave approximation for
both hill slopes and flood plains.

2) This model simulates lateral subsurface flow and surface flow in terms of the
discharge-hydraulic gradient relationship in mountainous areas and vertical infiltration
based on the Green-Ampt model in flood plains for better representations of
rainfall-runoff processes under different land conditions.

3) The model deals with slopes and river channels separately. The channel flow is
computed with the built-in 1D diffusive wave model while the slope flow is calculated
with the 2D diffusive wave model. The flow interaction between the river channel and
slope is also estimated based on different position conditions of water-level and

levee-height!'®- 52,

1D Diffusion in River and Interaction with Land

Subsurface + Surface

2D Diffusion on Land Vertical Infiltration

Figure 3.1: Schematic diagram of the RRI model
(figure form the Rainfall-Runoff-Inundation Model User’s Manual®?)
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In this study, we use the RRI model as distributed hydrological model but did not
implement the inundation simulation. This study area has three typical land-use types i.e.
urban area, agricultural area and forest. In the RRI model parameter settings, we
consider that the urban area has only overland flow (no infiltration loss nor subsurface
flow); the agricultural land has vertical infiltration and infiltration excess overland flow
and the forest has saturated subsurface flow and saturation excess overland flow (no

unsaturated subsurface flow considered).

3.2.2 Two-dimensional surface and subsurface flow model

The model equations are derived based on the mass balance equation (1) and

momentum equation (2) for gradually varied unsteady flow as following:

oh dq, dq,
E-}'g-f‘g—r—f (1)

dq, Oduq, OJvg, 0H 1,
=—gh——-—— (2
at * 0x * dy g 0x py @

0 ou ov 0H 7
Qy + Qy + qy — —gh— _ 'y
Jt 0x ady dy pw

(3)

where £ is the height of water from the local surface, gx and g, are the unit width
discharges in x and y directions, u and v are the flow velocities in x and y directions, r is
the rainfall intensity, H is the height of water from the datum, pw is the density of water,
g is the gravitational acceleration, and 7x and 7, are the shear stresses in x and y
directions. The second terms of the right side of equations (2) and (3) are calculated

based on the Manning’s equation:

T,  gnfuvu? + v?
pw M3 S
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5)

where 7 is Manning’s roughness parameter.

Under the diffusion wave approximation, the inertia terms (the left side terms of
equations (2) and (3)) are neglected. Moreover, by separating x and y directions (i.e.
ignoring v and u terms in equations (2) and (3), respectively), the following equations

are derived as:

B 1h5/3 6H| <6H) 6

1 oH 0H

— —_K5/3 ||— -
U nh 6y|sgn(6y> (7)

where sgn is the signum function.

The RRI model spatially discretizes mass balance equation (1) as follows:

o iier i el i
dht 4y —a 4y " —4y

dt Ax Ay

=rid — fii (8)

where ¢/, g,"/ are x and y direction discharges from a grid cell at (i, /).

Water depths and discharges are calculated at each grid cell for each time step by
combining equations (6), (7) and (8). The RRI model uses different discharge-hydraulic
gradient relationships to simulate both surface and subsurface flows with the same
algorithm in mountainous areas. Equations (6) and (7) are replaced with the following
equations (9) and (10) which were originally developed for a kinematic wave

rainfall-runoff model considering both surface and subsurface flows’”. The water

25



surface slope is assumed as the hydraulic gradient by the RRI model as the hydraulic
gradient was assumed to be equal to the topographic slope for the kinematic wave
approximation. Equations (9) and (10) simulate both saturation excess overland flow
and saturated subsurface flow with a single variable, 4. The saturated subsurface flow is
described based on Darcy’s law when the depth of the lateral flow is within the soil
depth times porosity (h < d,), while the combination of the saturated subsurface flow
and the surface flow are described once the depth of the lateral flow exceed the soil

depth times porosity (d, < h):

( OH
—kah o, (h < dy)
qx = )
R IR a—Hsgn(a—H>—k R <
n a ox ox ox’ N
( 0H
~kahg, (b S dy)
qy = (10)
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n a oy dy oy’

where ka is the lateral saturated hydraulic conductivity and da is the soil depth times the

effective porosity.

Additionally, equations (11) and (12) are used to simulate unsaturated subsurface

flow, saturated subsurface flow and surface flow with the single variable, 4.
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Note that km is computed by km = ka / S to assure the continuity of the discharge

change when 4 = dm, so that kn is not used as the model parameter.

It is suitable to apply these discharge-hydraulic gradient relationship equations to
humid forest areas with a high permeable soil layer where a lateral subsurface flow is
dominant. However, for relatively flat areas, the vertical infiltration during the first
period of rainfall is more important to the large-scale flooding process. Here we treat
the vertical infiltration as loss for event-based simulation and calculate the infiltration
loss f'with the Green-Ampt infiltration model.

(¢ — 0S¢
Tl (13)

f=kvll+

where kv is the vertical saturated hydraulic conductivity, ¢ is the soil porosity, i is the
initial water volume content, St is the suction at the vertical wetting front and F is the

cumulative infiltration depth?.

In our study area, there are mainly three land-use types. They are urban, agricultural
area and forest. The urban and agricultural area are almost located in flat areas and the
forest is almost located in mountainous areas. In the RRI model application, we
consider the urban area has only overland flow but without infiltration loss nor
subsurface flow, thus we set both kv and & equal to be zero. For the agricultural land,
we consider it has vertical infiltration and infiltration excess overland flow but without
subsurface flow, we set ka equal to be zero. For the forest, we consider it has saturated
subsurface flow and saturation excess overland flow but without vertical infiltration loss,

we set kv equal to be zero. In the study in the Pingqiao River Basin, simulation of forest
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did not consider the unsaturated subsurface flow but in the testing study in the Kiryu
Experimental Watershed, the unsaturated subsurface flow in forest was considered. The

schematic diagram of surface/subsurface flow conditions are illustrated in Figure 3.2.

Surface / subsurface flow conditions

|

(A) Only overland flow (B) Vertical infiltration (C) Saturated subsurface
(no infiltration loss, no + |nfiltration excess + Saturation excess
subsurface flow) overland flow overland flow

bbb bdbd 4 PEEPRREELL

— S, P TR
EERE R R R RN

Infiltration : Green Ampt Model

Urban Agricultural land Forest

Figure 3.2: Schematic diagram of surface/subsurface flow conditions
(figure form the Rainfall-Runoff-Inundation Model User’s Manual®?)

3.2.3 One-dimensional river routing model

The RRI model calculates streamflow based on the diffusion wave approximation by
ignoring the y direction in equations (6) and (8). The cross section of channel is
assumed to be rectangle, whose geometries are defined by width, depth and levee

height?,

3.2.4 Interactions of water between slope and river

Water exchange between slope grid cell and river grid cell is estimated by the relative
position relationships between the slope water level, river water level and levee height.
To calculate the unit length discharge exchange from slope to river (¢sr) and the unit
length discharge exchange from river to slope (grs), four different conditions are

considered with different overtopping formulae applied.
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1) When the slope water level is higher than the river water level, flow from slope to
river is considered as the normal condition. The discharge from the slope into the river

is calculated by the following formula:

qsr = .ulhs\/ ghs (14)
where w1 is the constant coefficient (= 0.544) and /s is the slope water depth.

2) When the river water level is higher than the slope water level but lower than the

levee height, no flow exchange between slope and river is considered.
3) When the river water level is higher than both the levee height and the slope water

level, overtopping flow from river to slope is considered. The overtopping flow

exchange is calculated by the following formula:

Qrs = Uphq/2g9h4 (15)

where 1o is the constant coefficient (= 0.35) and 41 is the difference between the river

water level and the levee crown.
4) When the slope water level is higher than both the levee height and the river water

level, overtopping flow from slope to river is considered. The overtopping flow

exchange is calculated by the following formula:

qsr = Uzhz4/2gh; (16)

where 1o is the constant coefficient (= 0.35) and 42 is the difference between the river

water level and the slope water level™.
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3.3 Time-Space Accounting Scheme

T-SAS is a matrix-based time-space accounting scheme that tracks the ratio of flow
contributed by rainwater originating from certain temporal classes and spatial zones.
One of the objectives of T-SAS is to analyze the discharge (computed by RRI model)
contributed by rainwater originating from when and where, i.e. T-SAS separates
hydrograph in terms of different temporal classes and spatial zones of rainwater
sources'”. Figure 3.3 illustrates the schematic diagram of the separation of the temporal

and spatial hydrograph components.
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Figure 3.3: Schematic diagram of the hydrograph separation by temporal classes (left)
and spatial zones (right) of rainwater sources
(figure from Takahiro SAYAMA and Jeffrey J. MCDONNELL, 2009'7)

For time source hydrograph separation (Figure 3.3(left)), we can divide rainfall into
optional several temporal classes, in this example we used five temporal classes from 0
to 4. The O class represents pre-event water while the classes 1 to 4 represent event
water in the different periods of the hyetograph. The colors in the hyetograph
correspond to the colors in the hydrograph in Figure 3.3(left), indicating that at any time

t, how much portions of discharge at the outlet of the basin are contributed by rainwater
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from corresponding periods.

For spatial source hydrograph separation (Figure 3.3(right)), we can divide the basin
into optional several spatial zones, in this example we divided into six spatial zones
from A to F. The colors of the basin correspond to the colors in the hydrograph in
Figure 3.3(right), illustrating that at any time ¢, how much portions of discharge at the

outlet of the basin are contributed by rainwater from corresponding zones'”.

In this study, we used T-SAS for spatial source hydrograph separation in terms of

different land-uses but without using the time source hydrograph separation.

In order to achieve the objective above, to separate the storage water in each element
of distributed hydrological model based on time and spatial source is considered (Figure
3.4). The element of distributed hydrological model is a block within which storage
water is considered as one state variable. In the RRI model, one slope grid cell or river
grid cell is applicable for an element. For storage separation, it is assumed that water
mixing between each element only occur through moving. Based on the assumption,
storage water is separated by time updating computation of all the elements using the

following mass balance equation:

dvl' V; V; V;
T =Z¢Iji7j—zk:ql'k7i+7‘i—ei7i (17)
j

Where v:is the separated storage water in element i. In order to receive all sources of
storage, vectors used for vihave the same dimensions of the number of sources. Viis the
total storage water in element i, it is the summary of each source of v gji is the inflow
from element j to element i, gi is the outflow from element i to element k. ri is the
precipitation with source information given, e; is the loss from element i to outside of

system by evapotranspiration or infiltration, and ¢ represents the time.

In equation (17), the unknowns are v; and v;. By using the runoff model which
sequentially tracks from upstream to downstream, the calculation order of mass balance
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equation is from upstream to downstream therefore v; becomes known. That means
equation (17) becomes ordinary differential equation with one variable and can be
analytically solved by proceeding computation from upstream to downstream. Based on
the separated storage water in every element, the runoff discharge hydrograph can be
separated by multiplying the contribution rate of each source (solved by each source of

vi) and the runoff discharge at the outlet element’>.

Figure 3.4: Storage water separation in distributed hydrological model
(figure from Takahiro SAYAMA et al., 20133%)

The implementation of T-SAS follows the algorithm as Figure 3.5 shows:

1) Assign ID to every element in the distributed hydrological model (RRI model).

The ID of the outlet element is listed as well.

2) Implement the RRI model and output the water storage, flux between elements,
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precipitation and evapotranspiration (or infiltration) of each element at appropriate time

step.

3) Use the condition filter to assign values to rainwater corresponding to specified
temporal classes or spatial zones. In this study, spatial source hydrograph separation in
terms of different land-uses (urban, agriculture and forest) is applied and we assign
value 1, value 2 and value 3 to grid cells representing urban, agriculture and forest

respectively.

4) Read the RRI model output and condition filter and calculate equation (17) with

time updating to separate the storage water in each element.

5) Separate the runoff discharge at the outlet element by multiplying the contribution

rate of spatial source (solved by each source of v;) and the runoff discharge’>.

v
3) Rain Filter

2) Storage l

Flux > T-5AS /

Rainfall and ET

A 4
1) Element ID 4) Separated Storage
Outlet ID l
|
5) Runoff Spatial
/ RRI Model / Separation

Figure 3.5: Algorithm of T-SAS

3.4 Mass conservation equations
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Stream flow consists of runoff originated from multiple spatial zones at any time and
location. If we assume that the source runoff concentration does not vary temporally
within a short event nor by flow mixing as the biochemical reaction can be negligible
due to the comparatively short travel time in streams, the following mass conservations

should be satisfied:

fa1Ca + fg1Cs + -+ + f721Cz = Cs11

fazCa + fe2Cg + -+ + f722C7 = Csry

fanCa + fenCs + - + fznCz = Cstpy (18)

where fa1is the contribution rate of flow discharge which originates from spatial zone A
for sample 1; Ca is the source runoff concentration of NPS nutrient for spatial zone A,;
Csr1 is stream flow concentration of NPS nutrient for sample 1; A, B, ......, Z represent
different spatial zones (e.g. A: urban, B: agriculture, C: forest; n,=3); nzis the number of

spatial zones; 1, 2, 3, ...... n represent spatio-temporally different stream samples.
Among the equations above, discharge contribution rates (fa, f8, and fc) are obtained

from spatial-zone-based separated hydrograph by the RRI model and T-SAS. If the

source runoff concentrations (Ca, Cs, and Cc) can be estimated, stream flow NPS

nutrient concentrations (Cst) can be solved. To obtain the source runoff concentration,

two approaches are proposed in Section 3.5.

3.5 Source runoff concentration estimations

3.5.1 Field measurement
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In this study, we selected three typical source runoff points shown in Figure 3.6 to
measure the water quality to grasp the source runoff concentration degrees. We sampled
from a ditch near residence, a drainage near an agricultural land and the top upstream
stream (almost surrounded by forest) to represent source runoff concentrations of urban,

agriculture and forest zone respectively.

3.5.2 Inversely estimation by statistical method

The alternative approach is an inverse method in case the field observation cannot be
obtained. If we have several stream flow observations (Cst) and the observation number
(n) equals to (or larger than) spatial zone numbers (nz), the equations (or

overdetermined equations) can be solved to estimate source runoff concentrations.

For a better calculation, to get corresponding numbers of spatio-temporally different
stream samples with quantitatively significant difference at the beginning of runoff

generation are expected!”.

® Source runoff points

[ urban 5.3%
[ Agri. 31.3%
[ Forest 62%
[ Water 1.4%

Figure 3.6: Information of source runoff concentration field measurement

3.6 Hydrograph separation in terms of source components
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3.6.1 Outline

In order to verify the applicability and reliability of hydrograph separation approach
(T-SAS), a testing application were conducted at the Kiryu Experimental Watershed.
This application separated runoff discharge in terms of source components (surface flow,
subsurface flow and groundwater flow) and the method is introduced in this section
individually. This method has the following four steps as shown in the flowchart in

Figure 3.7.

1) Apply a physically-based hydrological rainfall-runoff model representing
mountainous groundwater (groundwater model incorporated to the RRI model) at our
study area (a weathered granitic basin) to generate discharge hydrograph with

groundwater effect into consideration.

2) Conduct calibration and validation with observation data.

3) Apply T-SAS on the simulation results to separate hydrograph in terms of source

components (surface flow, subsurface flow and groundwater flow).

4) Summarize bedrock groundwater contributions and compare our simulation with
previous results (Iwasaki et al., 2015°”) by the end-member mixing analysis (EMMA)
to study the groundwater contributions to rainfall-runoff generation process and

improve our model.

3.6.2 The RRI model

The RRI model was introduced in Section 3.2. In this study, we use RRI model as
distributed hydrological rainfall-runoff model without implementation of the inundation
simulation. In the parameter setting, we consider this study area has uniform land-use of
mountainous forest with unsaturated subsurface flow, saturated subsurface flow and

saturation excess overland flow (surface flow). Groundwater flow is simulated by the
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incorporated groundwater model that is introduced in the next section.

_/ Data input /

RRI + GW Model application

Calibration

Acceptable

T-SAS application

v

Hydrograph separation

)

Comparison study with EMMA results

/ Discussion & improvement of T-SAS /

Figure 3.7: Flowchart of the testing study

3.6.3 Groundwater model

This groundwater model of mountainous slope*® (Figure 3.8) is incorporated to the

RRI model with the following assumptions:

1) The vertical depth from soil-bedrock interface to groundwater surface is

represented by variable zg within grid cells.

2) The lateral groundwater discharge is vertically integrated based on the

Dupuit-Forchheimer assumption.

37



3) The saturated hydraulic conductivity is assumed as vertically exponential decline,

so that it can avoid defining the unknown bottom boundary of the aquifer.

4) If the groundwater is not saturated and the water depth in soil layer (4s) is larger

than 0, infiltration from soil to bedrock occurs with flow velocity 7sg.

5) Unsaturated zone of aquifer is not considered. Infiltrated water from soil to

bedrock immediately recharge the bedrock groundwater.

6) If the groundwater surface is saturated by groundwater flow, water amount of -zgy,
exfiltrate into soil layer and zg is set to 0. Where yg is the bedrock effective porosity. In

this model, exfiltrated bedrock groundwater flows into river grids through soil layer.

This groundwater model based on above assumptions is represented by the

simultaneous equations of mass balance (19) and Darcy’s law (20).

0zg 0qq

_VgE + a = rsg - rgl (19)

@ k
Qg = — f kgo exp(—foz)lg dz = _%:IgeXp(_fgzg) (20)
Zg

g = {gg (hs > 0,2, >0) - 5
(hs = 0)

where g is the unit width discharge of bedrock groundwater, ks is the vertical saturated
hydraulic conductivity, kgo is the lateral saturated hydraulic conductivity on top bedrock,
fe 1s the constant that defines the decline of saturated hydraulic conductivity vertically,
I 1s the gradient of groundwater level, rg is the parameter representing outflow of

bedrock groundwater outside the system>®.
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As a result, the simulation result is controlled by four parameters, i.e. yg, ksg, kg0 and fg.

Bedrock

lf"gl

Figure 3.8: Schematic diagram of the groundwater model
(figure from Takahiro SAYAMA et al., 2015°%)

3.6.4 Improved T-SAS

T-SAS was introduced in Section 3.3 as a matrix-based time-space accounting
scheme that tracks the ratio of flow contributed by rainwater originating from certain
temporal classes and spatial zones. In this study, T-SAS was improved to conduct
hydrograph separation in terms of source components as Figure 3.9 shows. The
hydrograph is expected to be separated into three parts: surface flow, subsurface flow
and groundwater flow>". In order to achieve this, we assigned four different values to

rainwater through the runoff process according to different flowpaths.

1) Firstly, value 2 was assigned to the overall rainwater.
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2) Value 3 was assigned to the initial storage.

3) Through the runoff simulation process, when rainwater infiltrated into bedrock,

value 4 was assigned.

4) Through the runoff simulation process, when rainwater excessed surface, value 1

was assigned.

Therefore, values 1, 2, 3, 4 were assigned to runoff and represented surface flow,
subsurface flow, initial storage and groundwater flow respectively. Since the initial
storage was almost consisted of subsurface flow in this study, hydrograph separation in

terms of three parts (surface flow, subsurface flow and groundwater flow) was achieved.

.
|

Discharge

—
|

Time

Figure 3.9: Schematic diagram of the hydrograph separation by source components
((overland) surface flow, subsurface flow and groundwater flow)
(figure from Takahiro SAYAMA et al., 2016°")
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3.6.5 End-member mixing analysis

EMMA is a technique that links soil water chemistry to stream water chemistry by
assuming that the stream water is a mixture of source water (source components)*”.
These source water are called end-members because they form the chemical boundaries

of possible stream water observations*®).

Selection of end-members are determined when those source water concentrations
'bounded' the stream water concentrations for all pairwise combinations of the solutes;
that is, in a two-dimensional plot of one solute against another, the stream water
concentrations lay inside the triangle whose vertices are the three end-member

concentrations*® as Figure 3.10 shows.

EMMA has the following assumptions: solute concentration is invariant in time and
space; solutes are mix conservatively; there are differences in concentration between the
end-members*®).

Based on the end-member mixing diagram (Figure 4.7), hydrograph of stream water
is possibly separated by the contribution rates of end-members (source components).
The contribution rate of end-member is calculated by solving mass balance equations
(22).

f1€a1 + f2laz + -+ f3Ca3 = Cast
f1Ce1 + f2Cp2 + - + f3Cp3 = Cpst

it+th+f=1 (22)

where fis the contribution rate of end-member, 1, 2, 3 represent three end-members, Ca

and Cs are concentrations of solute A and solute B, st represents stream water.
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In this area, hydrograph separation by source components based on EMMA in three
selected storm events have been studied by Iwasaki et al. (2015)*”. Our study is to
represent the three events by T-SAS approach and compare our hydrograph separation

results with the EMMA approach.

B Solute B

fftjﬁ_' EM1

!
MHEA Solute A

$ stream water
® end-members

Figure 3.10: End-members mixing analysis diagram
(figure from http://www.bluemoon kais.kyoto-u.ac.jp/katsu/EMMA .html)
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Chapter 4 Testing the hydrograph-separation

method at an experiment basin

As our study area (the Pingqgiao River Basin) lacks the detailed validation data of
hydrograph separation results, this chapter tested our hydrograph-separation method
performance at the Kiryu Experimental Watershed (Shiga Prefecture, Japan) which has
sufficient observation data and previous results for model validation and comparison
study. The hydrograph separation was based on source components (surface flow,
subsurface flow and groundwater flow). This was one challenge of our hydrograph
separation approach and the applicability and reliability was verified. This chapter is
relative independent with its own study area introduced in Section 4.2 and methods

introduced in Section 3.6.

4 .1 Introduction

Understanding a discharge hydrograph is essential for flood prediction, water
resources management, and chemical and ecological material transport’. Recently
developed process-based hydrological models provide useful tools to generate discharge
hydrograph representing surface and subsurface flow. These models have succeeded to
some extent in application in humid forest areas as lateral subsurface runoff is the

40 However, complete agreement between

dominate runoff generation process
simulation and observation has rarely been achieved and this generally attributed to 1)
uncertainty in surface conditions (e.g. Manning’s roughness parameter) and soil
properties (e.g. thickness, hydraulic conductivity); 2) ignoring the bedrock groundwater

contribution*?,
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Many of existing hydrological models assume impermeable bedrock in computing
flow dynamics at mountainous slope grid cells*®. However, the importance of bedrock
groundwater has been emphasized in controlling the dynamics of subsurface flow in soil
layer through piezometric and tensiometric responses, sprinkler and tracer experiments,
hydrogeochemical studies and intensive bedrock groundwater monitoring3”: 39> 40 41

Additionally, recent studies have revealed that bedrock groundwater affects the

upscaling of baseflow runoff processes*?> ) and storm-runoff generation processes*".

Sayama et al. (2015) developed a groundwater model for mountainous bedrock
aquifer incorporated to a distributed hydrological model (Rainfall-Runoff-Inundation
(RRI) model) and the simulation results in Rokko catchment involving the groundwater
component showed the significant improvement for representing the observed
hydrograph characteristics®®. However, the groundwater contribution was unsolved in

this model.

Sayama et al. (2009) developed a matrix-based time-space accounting scheme
(T-SAS) that tracks the ratio of flow contributed by rainwater originating from certain
temporal classes and spatial zones'”. The improved T-SAS that deals with flowpath of
rainwater makes hydrograph separation based on source components (e.g. groundwater)

become possible’?.

On the other hand, hydrochemical studies of forest hydrology and tracer hydrology
have been conducted to separate hydrograph source components through e.g.
end-member mixing analysis (EMMA). EMMA was performed to identify the potential
source components of stream water and to calculate the contributions of each end

member (source component) by solving the mass-balance equations*?.

As a result, this study aims to develop a hydrograph-separation-based groundwater
representing hydrological model that is consisted of groundwater model incorporated to
a distributed hydrological rainfall-runoff model and the improved T-SAS to represent
the flow discharge dynamics with bedrock groundwater effects and the bedrock

groundwater contributions to rainfall-runoff generation processes. The bedrock
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groundwater contributions based on hydrograph separation are comparatively studied

with the previous results by EMMA to verify and improve our model.

4.2 Study area

The study area is at the Kiryu Experimental Watershed (KEW; Figure 4.1) which is
located in the southern part of Shiga Prefecture of Japan with elevation ranging from
190 m to 255 m above the mean sea level. The climate is warm with peaking rainfall in
summer but little snowfall in winter. The mean annual precipitation and the mean air
temperature from 2010 to 2012 were 1902.1mm and 13.4 °C by a local meteorological

observation®”.

The vegetation of KEW is uniform and is mainly consisted of Chamaecyparis obtuse
Sieb. et Zucc. (Japanese cypress), which was planted in 1959 for afforestation. About
100 years ago, some stonemasonry dams were constructed to prevent sediment loss
caused by deforestation and soil erosion of KEW. After the reforestation, soil erosion
and sediment movement were reduced, leaving these high permeable dams that do not

prevent passaging water’”).

KEW is underlain by Cretaceous biotite granite. Katsura et al. (2006) indicated that
the soil and the weathered bedrock had clearly distinguishable hydraulic properties in

this basin®>.

KEW is classified into basin K (5.99 ha), which corresponds to the entire KEW, and
four sub-basins (R: 1.75 ha; M: 0.68 ha; H: 0.40 ha; and A: 0.086 ha). Basin K is a
second-order basin, sub-basin R is a first-order sub-basin, and sub-basins M, H, and A
are zero-order sub-basins. Five hydrological observation nests within the KEW were
established to investigate the rainfall-runoff generation processes by observing
precipitation, discharge and conducting hydrochemical measurements as shown in

Figure 4.1. The geomorphic information of the five basins are shown in Table 4.1.
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Hydrological characteristics of the five basins are different. The stream flow was
perennial in basin K and sub-basins R, M, and A but ceased during dry season with little
rainfall in sub-basin H. Sub-basin H has larger annual bedrock infiltration and shorter
mean residence time (MRT) of stream water while sub-basins R and A and basin K

have less annual bedrock infiltration and longer MRT of stream water®.

The runoff responses to rainstorms also varied significantly among the five basins.
Table 4.2 shows the annual specific discharge and Figure 4.2 shows the hydrograph at
the outlet of each basin from 2010 to 2012 (grey shading indicates periods with data
unavailable). Basin K has larger annual specific discharge and hydrological response to
rainstorms than sub-basins H and M but smaller annual specific discharge and
hydrological response than sub-basins A and R. Sub-basin R has the largest peak
specific discharge while sub-basin M was observed the smallest hydrological responses
to rainstorms under wet conditions. Sub-basin H has the smallest baseflow which even
ceased during the dry winter season. The hydrological responses of sub-basin H were
smaller under drier conditions but became similar to or larger than the other basins

under wet conditions®”.

Table 4.1: Geomorphic information of the five basins

K R M H A
Area (ha) 5.99 1.75 0.68 0.4 0.09
Basin order 2 1 0 0 0
Channel length (m) 320 125 12 5 15
Mean slope angle (°) 25.3 22.7 21.4 26.5 23

Mean soil depth (cm) 64.9 65.4 146.3 50.6 80.6

(data from Iwasaki, Katsuyama et al., 2015°7)

Table 4.2: Annual precipitation and specific discharge of each basin

Vo Precipitation Specific discharge (mm)

(mm) K R M H A
2010 1909.3 970.7 - 656.3 383.0 1386.1
2011 1905.2 972.9 1231.5 712.2 335.4
2012 1892.0 909.0 1118.0 684.4 412.4

(data from Iwasaki, Katsuyama et al., 2015°7)
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Observation point of K

3 R

Observation point of R Slope with typical vegetation

t iy % _ - 5 S " -':r" 4
Observation point of M Hydrochemical sampling Observation point of H

Figure 4.1: Basic information of the five basins
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Figure 4.2: Hydrographs of the five basins during 2010 to 2012

(figure from Iwasaki, Katsuyama et al., 20157)
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4.3 Simulation conditions

Figure 4.3 shows the topography information. The topographic data is of 3-m
resolution; and the land-use and the soil property are uniformly considered.
Precipitation data and discharge data of five basins were measured from 2000/1/1 to
2015/1/1 with hourly temporal resolution. Basic data were provided by Associate

Professor Katsuyama MASANORI from Kyoto University.

A !

Wabe 5
o High - 25555

Low: 18994

Figure 4.3: Topography information  Figure 4.4:Basic concept of source component

simulation in grid cells

Figure 4.4 shows the basic concept of source component simulation in grid cells. Grid
cell was divided into two layers, the soil and the bedrock. The surface flow (overland
flow), subsurface flow and groundwater flow were simulated simultaneously by the RRI
model incorporated with the groundwater model. Moreover, within the soil layer,

unsaturated subsurface flow and saturated subsurface flow were both simulated.

Three storm events with distinct durations, total amount and intensities were selected

for study. Event 1 (total 67.4 mm in two days) was caused by a seasonal rain front,

49



Event 2 (total 180.7 mm in eight days) was caused by a typhoon and Event 3 (total
272.3 mm in eight days) was caused by a combination of a typhoon and a seasonal rain
front. The total rainfall of 272.3 mm was the largest 8-day precipitation recorded in the

last 5 years at KEW. Characteristics of the three events are summarized in Table 4.3.

Table 4.3: Characteristics of the selected storm events

Event 1 Event 2 Event 3
Study period 2011/6/10-11 2011/9/1-8 2012/6/15-22
Total amount (mm) 67.4 180.7 272.3
Maximal intensity (mm/h) 17.4 14.9 20.9

Hyetograph of the three storm events are shown in Figure 4.5. Event 1 represents a
short concentrated rainfall with about 60 mm in 9 hours, Event 2 represents a persistent
rainfall with one peak in the middle and Event 3 performs as a combination of three

small sub-events.

Hydrograph separation by EMMA of the three events have been conducted®” and the

results were used for comparison study.

Application of the RRI model incorporated with the groundwater model has four

steps:

1) Set the global initial groundwater depth zg to be -10 m (10m below the
soil-bedrock interface) as the approximate low boundary of groundwater level by

referring the groundwater level monitoring results** and observation well depth®?.

2) Run the first simulation from one month before each event with the initial
groundwater level of Step 1 to increase the groundwater level following topography and
obtain the natural 3D groundwater level distribution. The first simulation periods were:
2011/5/10 ~ 2011/6/12 for Event 1, 2011/8/1 ~ 2011/9/9 for Event 2 and 2012/5/15 ~
2012/6/23 for Event 3.
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3) We assumed that the groundwater level when (at time t) groundwater starts to
exfiltrate into the outlet of basin K (corresponding to the entire KEW) represents the
actual groundwater surface distribution to contribute baseflow of basin K. We selected
the groundwater level (surface) at time t of Event 2 as initial condition for the next

simulation.

4) We input the initial groundwater level of Step 3 and start the second simulation
from an antecedent precipitation event before our target event for more realistic
reflection of the initial changes of groundwater level. The second simulation periods
were: 2011/5/29 ~ 2011/6/12 for Event 1, 2011/8/24 ~ 2011/9/9 for Event 2 and
2012/6/8 ~2012/6/23 for Event 3.

4.4 Results

4.4 1 Calibration and validation

We applied the RRI model incorporated with the groundwater model at the KEW and
output discharges representing bedrock groundwater effects at outlets of the five basins.
Simulation results of the five basins for the selected three events were calibrated and
validated with available observations. Calibration was based on basin K (corresponding
to the entire KEW) of Event 2 as Event 2 had simple precipitation pattern and moderate
amount among the three events. The same parameter settings were applied on other
sub-basins (R and H) of Event 2, basin K and sub-basins R and H of Event 1, basin K
and sub-basins R, H and M of Event 3 for validations. Calibration and validation results

are shown in Figure 4.5.
Event 2 had the most satisfactory agreement with observations among the three

events. The Nash-Sutcliffe Efficiency Coefficient (NSE) of basin K, sub-basin R and
sub-basin H were 0.82, 0.933 and 0.688 respectively.

51



Basin K and sub-basin R of Event 1 had satisfactory agreement as NSE showing
0.917 and 0.905 but sub-basin H performed considerably overestimated with NSE of
0.390.

Event 3 had special rainfall pattern and this was reflected in the validation
uncertainties as well. Event 3 was considered as a combination of three sub-events. The
soil moisture well affected the runoff response to rainstorm as observations showed.
The first sub-event and the last sub-event had similar rainfall pattern, total amount
(101.3 mm and 114.5 mm) and maximum intensity (19.9 mm/h and 20.9 mm/h),
however, the runoff response to the last sub-event was obviously higher than the first
sub-event. Particularly for sub-basin R, the peak specific discharge of the last sub-event
was about 6.9 mm/h but the peak specific discharge of the first sub-event was 2.0 mm/h.
This was speculated that for the first sub-event, soil was under dry condition
(unsaturated) and certain amount of rainfall was absorbed and stored in soil layer before
saturated, causing smaller hydrological response. As a result, we set parameters
representing the unsaturated soil zone and then simulation results have been improved
as different hydrological responses to the two sub-events were reflected to some extent.
NSE of basin K, sub-basins R, H and M were 0.792, 0.784, 0.808 and 0.030

respectively.

According to the annual discharge characteristics described in Section 4.2, sub-basin
R and basin K had larger annual discharge than sub-basins H and M. Sub-basin R had
the largest peak discharge and sub-basin M had the smallest hydrological response
under wet condition. Both observations and simulations of the three events performed

approximately consistent in terms of the annual characteristics of these basins.
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Figure 4.5: Calibration and validation results

(a) Event 1, (b) Event 2, (¢) Event 3
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Approximately, basin K had better validation than other sub-basins because
parameter was globally set and the calibration was based on basin K. Performances of
other sub-basins can be theoretically improved by local setting of parameters but in this
study, we consider the validation results without local parameter setting were acceptable

as NSE indicated.

4.4.2 Hydrograph separation

Hydrograph were successfully separated in terms of source components and results
are shown in Figure 4.6 for the three selected events and five basins. Left side
represents our simulation results and right side shows the separation results by
EMMA?3”. Event 1 and Event 2 have only basin K, sub-basins R and H studied in
corresponding with the available EMMA results. Color blue, orange and purple

represent surface flow, subsurface flow and groundwater flow respectively.

Separated hydrograph by T-SAS and EMMA had similar distribution patterns of the
three source components for Event 1 and Event 2. But for event 3, in our simulation,
sub-basins R, H, M and A had no groundwater flow exfiltration for the first sub-event,
while results by EMMA showed that the exfiltration of groundwater appeared from the

first sub-event for these sub-basins.

Another difference between results of T-SAS and EMMA is the contributions of each
source component. Basically our results showed less surface flow contributions and
more groundwater flow contributions. We will have detailed discussions in the next

section.
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Figure 4.6: Hydrograph separation results in terms of source components
(a) Event 1, (b) Event 2, (c) Event 3
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4.5 Discussions

4.5.1 Groundwater contributions to rainfall-runoff generation processes

Contributions of source components were summarized in Figure 4.7. Color blue,
orange and purple represent surface flow, subsurface flow and groundwater flow
respectively. The left side is based on our simulation results and the right side is based
on results of EMMA approach. Among the EMMA results, basin K of Event 2,
sub-basins R and A of Event 3 had some periods with data unanalyzed. Because our
focus is on the rainfall-runoff generation process, if the unanalyzed period was during
baseflow process (e.g. basin K of Event 2 and sub-basin A of Event 3), we considered
the effect was negligible when we do not take it into the overall summarization. While
sub-basin R of Event 3 lacks data of the runoff process thus we did not summarize this

case for comparison study.

Event 1 Event 2 Event 3
Our model EMMA Our model EMMA Our model EMMA

100% 100% 100% T i
90% -
80% -
70% -
60% -
50% -
40%
30% -
20% -
10%
0% -

H R K H R K A-M H R K A MH R K

= Surface flow Subsurface flow = Groundwater flow Data unavailable

Figure 4.7: Summary of contributions of source components to runoff generation

Our simulation indicated that the bedrock groundwater had considerable
contributions to storm runoff generation and the contributions were consistent with the
EMMA estimations. Groundwater were estimated to contribute approximate 27% ~ 60%
of total runoff for the overall events and basins. While the EMMA approach estimated

that about 15% ~ 64% of runoff were contributed by groundwater. The two approaches
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estimated similar groundwater contributions in terms of basin order as well. The
second-order basin K had groundwater contributions of 49.6% ~ 59.5% by our model
while 29.3% ~ 61.1% by EMMA. The first-order sub-basin R had groundwater
contributions of 33.5% ~ 48.6% by our model while 31.3% ~ 64.2% by EMMA. The
zero-order sub-basins H, M and A had groundwater contributions of 26.7% ~ 37.3% by
our model while 15.3% ~ 39.3% by EMMA. As Iwasaki et al. (2015) concluded that the
contributions of bedrock groundwater increased as the basin scale became larger in this
area’”, our simulation results well reflected this trend in general. The detailed

groundwater contributions to runoff generation were summarized in Table 4.4.

Table 4.4: Summary of groundwater contributions to runoff generation

Event 1
Sub-basin H Sub-basin R Basin K
Our model EMMA Our model EMMA  Our model EMMA
37.0% 15.3% 33.5% 31.3% 58.4% 29.3%
Event 2
Sub-basin H Sub-basin R Basin K
Our model EMMA Our model EMMA  Our model EMMA
30.6% 39.3% 48.6% 64.2% 49.6% 61.1%
Event 3
Sub-basins A, M, H Sub-basin R Basin K
Our model EMMA Qur model EMMA  Qur model EMMA
26.7% ~ 37.3% 19.1% ~ 37.7%  42.7% - 59.5% 48.7%

When focusing on rainfall events, Event 2 and Event 3 showed better consistence
between our results and the EMMA estimations in terms of groundwater contributions.
For Event 1, our model had larger estimation of groundwater contribution as sub-basin
H had groundwater contribution of 37% by our estimation while 15.3% by EMMA,
basin K had groundwater contribution of 58.4% by our estimation while 29.3% by
EMMA. Our simulation started from an antecedent rainfall event of the target event to
take more realistic reflection of the initial groundwater level changes. Event 1 had a
larger antecedent event (161 mm) than the other two events (Event 2: 33 mm; Event 3:
39 mm) and the initial groundwater level was probably overestimated by a lower

declining speed of groundwater level after the antecedent event (in our model), causing
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a larger groundwater contribution estimated.

4.5.2 Groundwater contribution increase of upscaling sub-basins H (M, A) to
basin K

Increased groundwater contributions when upscaling from zero-order sub-basins (H,
M, A) to second-order basin (K) were found in both our simulations and EMMA results.

The reason is illustrated in Figure 4.7(a) and (b).

Figure 4.8(a) shows the schematic diagram of assumed conditions and processes
representing the real situation while Figure 4.8(b) shows the simulation conditions in
our model. Blue dot line represents the initial groundwater level and the blue solid line
represents the changed (increased) groundwater level. Purple star marks represent
outlets of basins. Note that zero-order sub-basins (H, M, A) are located at higher
positions or on relative steeper slopes than the second-order basin (K). We assumed that
the initial groundwater level reached the outlet of basin K because it had perennial
stream baseflow as figure 4.8(a) shows. After rain began, groundwater level rose and
groundwater flow recharged the runoff at the outlet of basin K. The rain lasted and
when the risen groundwater level reached the outlet of sub-basins H (M, A),
groundwater exfiltrated at the outlet and recharged the runoff of sub-basins H (M, A).
This indicated that basin K had longer exfiltration duration than sub-basins H (M, A),

resulting in higher contribution of groundwater to runoff generation process.

This assumption could be proved from the EMMA side. When looking at Figure
4.6(right), the basin K had groundwater recharging for the whole period, while
sub-basins H (M, A) had a shorter period of groundwater exfiltration. Although the
EMMA results are not observation data in the strict sense, we considered it represented

the real situation to some extent when without more reliable observations.

On the other hand, our model represented different initial groundwater level that
reached the outlet of basin K with a certain distance below the soil-bedrock interface (as

topography also) as Figure 4.8(b) shows. However, the mechanism and process of
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groundwater level increase and groundwater exfiltration were well represented and
reflected by our model, resulting in similar increasing trend of groundwater
contributions when upscaling from zero-order sub-basins (H, M, A) to second-order

basin (K) that also proved our assumption of the real situation.

From Figure 4.6(left), the simulation results showed obvious increased groundwater
exfiltration periods of upscaling from sub-basins H (M, A) to sub-basin R to basin K.
This also explained that why sub-basins R, H, M and A had not groundwater exfiltration
in the first sub-event of Event 3 because the increased groundwater level did not reach

the outlets before enough accumulation.

4.5.3 Groundwater contribution change of upscaling sub-basin R to basin K

Differences between our results and EMMA have also been found, i.e. our results
show the increased groundwater contributions when upscaling from the first-order
sub-basin (R) to the second-order basin (K), however, groundwater contributions of
sub-basin R and basin K by EMMA results performed similar. The reason is illustrated
in Figure 4.8(c) and (d). Figure 4.8(c) shows the schematic diagram of assumed
conditions and processes representing the real situation while Figure 4.8(d) shows the

simulation conditions in our model.

The basic difference between the first-order sub-basin (R) and the zero-order
sub-basins (H, M, A) is that sub-basin R is located at higher position than basin K but
not as high as sub-basins M and A nor on a relative steeper slope as sub-basin H. Under
this situation, the assumed real initial groundwater surface probably followed the
topography closely as Figure 4.8(c) shows. When rain began, the groundwater level rose
and groundwater exfiltrated and recharged the runoff at the outlets of basin K and
sub-basin R at nearly the same time, causing similar groundwater contribution of the

two basins.

From the EMMA results (Figure 4.6(right)), basin K and sub-basin R had

groundwater exfiltration from the beginning for the whole periods of all events,
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indicating the rationality of our assumption.

On the other hand, our model did not reflect the initial groundwater surface as the
assumed real condition. The similar process with Figure 4.8(b) was represented and
shown in Figure 4.8(d), i.e. the groundwater level rose after rain began and the
groundwater recharged runoff of sub-basin R only after the groundwater level reached
its outlet, resulting in shorter exfitration duration of sub-basin R and lower groundwater

contributions than basin K.

As a result, the relative positional relationship changes of groundwater level and the
outlets of basins determine the groundwater exfiltration period and contributions. The
3D groundwater level (surface) change of real situation can be well reflected or not

determines the reliability of simulation results.

4.5.4 Surface flow contributions

Our results showed obvious differences of surface flow contributions when
comparing with the EMMA results. Particularly for Event 3, the EMMA results showed
much higher surface flow contributions than our simulations. In our model, we
considered that the lateral subsurface flow was dominant runoff generation mechanism
in humid forest areas with a high permeable soil layer, the surface flow was contributed
by the saturated excess overland flow. However, under real situation of less
undergrowth and humus, infiltration excess overland flow may occur and contribute

into surface flow, causing higher contribution of surface flow than simulation results.
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Figure 4.8: Schematic diagram of groundwater level increase and groundwater
exfiltration (a) assumed real conditions of basin K and sub-basins H (M, A), (b)
simulation conditions of basin K and sub-basins H (M, A), (¢) assumed real conditions

of basin K and sub-basin R, (d) simulation conditions of basin K and sub-basin R

63



4.6 Summary

This study developed a hydrograph-separation-based groundwater representing
hydrological rainfall-runoff model and applied it at the KEW successfully.

The simulated streamflow discharge representing bedrock groundwater effects

showed satisfactory agreement with observations.

Hydrograph were successfully separated by T-SAS in terms of source components
and the separated results (groundwater contributions) were compared with the previous
results separated by EMMA. Our simulation indicated that groundwater contributed 27%
~ 60% to rainfall-runoff generation for overall selected events and basins. Our results
also showed groundwater contributions of 49.6% ~ 59.5% for the second-order basin
(K), 33.5% ~ 48.6% for the first-order sub-basin (R) and 26.7% ~ 37.3% for the
zero-order sub-basins (H, M, A), indicating increasing groundwater contributions of
upscaling basin scale. The consistence of groundwater contribution and changing trend

with EMMA results indicated acceptable reliability of our model.

As the reflection of real 3D groundwater level (surface) is the key factor to determine
the reliability of simulation results, our model well reflected the increasing trend of
groundwater contributions of upscaling sub-basins H (M, A) to basin K because
groundwater level dynamics were represented as real case. However, our model did not
well reflect the groundwater contribution change of upscaling sub-basin R to basin K
because the initial groundwater level and dynamics showed some gap between model

and the real case.
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Chapter 5 NPS model application on a storm

event study using inverse statistical approach

This chapter applied the NPS modelling at the Pingqgiao River Basin to conduct the
event study of NPS. We selected a storm event from 2014/11/23 12:00 to 2014/11/26
12:00 with 70 mm precipitation in 72 hours. The source runoff concentrations were
inversely estimated by multiple stream flow samples. Finally, the time series of spatially

separated NPS nutrient loads were simulated and output.

5.1 RRI model calibration

Figure 5.1 shows the simulated and observed stream flow discharges during the
calibration period (2016/5/25 0:00 ~ 2016/7/6 0:00). Since the discharge measurement
was not continuous and mostly limited to be after flow peaks, it is difficult to evaluate
the model performance with Nash efficiency. The Root Mean Square Error (RMSE) of
the simulation was 13.0 m?/s and we confirmed that the simulated discharge showed the
similar variation ranges with the observations. However, it is possible that our
simulation results underestimated the runoff discharge, this may cause the
underestimation of the simulated NPS nutrient loads subsequently but it has little effect

on the flow discharge contribution rate and source runoff concentration estimations.

5.2 Hydrograph separation by T-SAS

Figure 5.2 illustrates the hydrograph separation results by T-SAS application at Point

65



A (see Figure 5.3(b)) in the selected storm event (2014/11/23 12:00 ~ 2014/11/26 12:00,
70 mm in 72 hours). We merged the results from water body into agriculture because it
covers only 1.4 % and mainly the ponds are located in the agricultural areas. As shown
in Figure 5.2, hydrograph was separated into the three parts contributed from urban,
agriculture and forest land-uses. Generally, the runoff contributed from urban,
agriculture and forest account for about 9%, 24% and 67% of the total runoff

respectively.
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Figure 5.1: Calibration results of the RRI model
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Figure 5.2: Hydrograph separation results by T-SAS at Point A (near the outlet)
(number in the % indicates the proportion of runoff contributed by each land-use to

the total runoff)

Figure 5.3(a) shows the time series of discharge contribution rates of each land-use by
hydrograph separation results at five representative points. At the initial runoff
generation stage, the discharge contribution rates have obvious and significant
difference among different locations due to the different timing of arrival of water from
each land-use. Particularly, the initial runoff is contributed comparatively high
percentage of agriculture and urban areas for downstream points because agriculture

and urban areas are located in the lower part of the basin.

Figure 5.3(b) is the longitudinal view of stream water quality (TN, NOs3-N and
NH4"-N, respectively) along the Pinggiao River. The blue line represents water quality
of nine points measured in a raining day (2014/11/25) and red dashed line represents
that measured in a non-raining day (2014/12/12). Not only NPS nutrient in the raining

day has obvious higher concentration than the non-raining day, but also points A, B and
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C located near urban areas have higher nutrient concentrations than other points. These

data sets well reflected the runoff and land-use effects on NPS nutrient loads.
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Figure 5.3(a): Flow discharge contribution rates of five representative points

(b): Longitudinal views of stream water quality changes

When comparing Figure 5.3(a) with Figure 5.3(b), discharge contribution rates
correspond with stream water quality change, in particular the changes of contribution
rates of urban area are positively correlated with the stream water quality changes of

NH4*-N and TN.

5.3 Source runoff concentration estimations

By using the above relationships, we demonstrate here the statistical method to
inversely estimate the source runoff concentrations by solving the set of equation (18).

We used nine points of stream water quality data and built overdetermined ternary
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equations with nine equations. We focused on the average contribution rates during
2014/11/23 19:00 to 20:00 to take the advantage of high spatial variations. As for the
water quality data, since the sampling was not conducted exactly at the beginning of the

event, we used the closest sampling time measured on 2014/11/25.

For better understanding, Figure 5.4 shows the estimated source runoff concentrations
as well as the measured values from each contributing land-use. Note that these source
runoff concentrations were measured at the small streams or ditches dominated only
from each land-use. The measured source runoff concentrations were selected from
2014/12/30 to 2015/2/24 to indicate the winter level. Straight full line (dashed line)
represents the estimated (adjusted) source runoff concentration and the marker line
represents measured ones. Generally, the estimated source runoff concentrations had
good agreement with the observed ones, however, urban source runoff concentration
(Ca) of TN, agriculture source runoff concentration (Cs) of NO3-N and urban source

runoff concentration (Ca) of NH4+"-N showed some overestimations.

In addition, if the inversely estimated value is out of the physically reasonable range
(e.g. minus) or unbalance between each nutrient (e.g. Crv < Cnos3n + Cnuan), We
estimated the adjusted values to a certain level by referring the observations and

considering the balance of each nutrient for the further applications.

Then we used equation (18) to estimate the stream flow NPS nutrient concentrations
by using estimated source runoff concentrations. Comparison between estimation and
observation is shown in Figure 5.5. The estimated results had good agreement with
observations as the estimations well represented the water quality change trend of
observations particularly the increasing trend near urban areas (the first three points
from the outlet). Although the maximum and minimum estimation values (between
2014/11/23 19:00 and 20:00) had some degree of deviation, particularly for NH4*-N

near the urban area, the average values fit the observations as the red line shows.
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5.4 NPS nutrient load simulation

By using the simulated time series of separated discharges and estimated source
runoff concentrations, we computed the time series of spatially separated NPS nutrient

loads and summarized the contributions of each land-use as shown in Figure 5.6.

In this short event (70 mm precipitation in 72 hour) 2,630 kg of TN, 2,330 kg of
NO5™-N and 360 kg of NH4"-N nutrients were delivered.

For agricultural land, it contributed 24% of runoff but 34.7% of TN and 38.6% of
NOs™-N export. This is considered as the effects of pesticides and chemical fertilizers

use.

For the urban area, it accounts for 5.3% of total area but contributed 18.5% of TN and
the most NH4"-N (80.1%). Based on our field investigation, this urban area has poor
drainage and sewage facilities. The poorly equipped septic tank may flush out waste
water through surface runoff, causing a large amount of NH4'-N export. Additionally,
flushed domestic waste (open and free dump) is also considered as another important

cause of nitrogen nutrients from urban areas.

Note that the TN contributions by urban and agricultural land, the NOs3-N
contributions by agricultural land and the NH4"-N contributions by urban are probably
overestimated as the overestimation of the source runoff concentrations when

comparing with the measured values in the nearby period as Figure 5.4 shows.
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Chapter 6 Long-term study of NPS and targeted

countermeasure discussions

In Chapter 5, we used the inversely estimated source runoff concentration to generate
the NPS nutrient simulation of a selected storm event. This chapter used the field
measured source runoff concentration to conduct a one-year simulation as a long-term

study.

Three points of source runoff were sampled from 2014/12/30 to 2015/11/27 on the
weekly basis (monthly basis for forest source runoff point). Our simulation periods were
from 2014/12/1 20:00 to 2015/11/30 20:00 for the long-term study and from 2016/5/25
0:00 to 2016/7/6 0:00 for the model calibration.

In the event study, we assumed that the source runoff concentration was invariant
temporally and mix conservatively as the biochemical reaction can be negligible due to
the comparatively short travel time in streams. In the long-term study, as the changes of
source runoff concentration cannot be neglected, we conducted a weekly basis
measurement to reflect the source runoff concentration changes. Consequently, we

assumed the source runoff concentration kept invariant within one week’s period.

6.1 RRI model calibration

For the long-term application, 3 arc-seconds (about 90 m) resolution and daily

precipitation data were used to save the computational time of the T-SAS approach.

Figure 6.1 shows the simulated and observed stream flow discharges during the
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calibration period. Since the discharge measurement was not continuous and mostly
limited to be after flow peaks, it is difficult to evaluate the model performance with
Nash efficiency. The Root Mean Square Error (RMSE) of the simulation was 10.3 m?/s
and we confirmed that the simulated discharge showed the similar variation ranges with
the observations. However, it is possible that our simulation results underestimated the
runoff discharge, this may cause the underestimation of the simulated NPS nutrient

loads subsequently.
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Figure 6.1: Calibration results of the RRI model

6.2 Hydrograph separation by T-SAS

Figure 6.2 illustrates the hydrograph separation results by T-SAS application at Point
A (near the outlet, see Figure 5.3(b)) from 2014/12/1 20:00 to 2015/11/30 20:00. We
merged the results from water body into agriculture as the event study did in Section 5.2.

As shown in Figure 6.2, hydrograph was separated into three parts contributed from
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urban, agriculture and forest land-uses. Generally, the runoff contributed from urban,

agriculture and forest account for about 9%, 37% and 54% of the total runoff

respectively.
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Figure 6.2: Hydrograph separation results by T-SAS at Point A (near the outlet)
(number in the % indicates the proportion of runoff contributed by each land-use to the

total runoff)

6.3 NPS observations in stream

Figure 6.3 represents the TN and TP concentration changes at Point A within the

selected year by weekly basis measurement.

TN has annual average concentration of 3.36 mg/L and standard deviation of 0.79
mg/L. The higher concentrations (more than average value) appeared in January,

February, April, May, June, July and October, indicating spring, summer, middle
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autumn and late winter.

TP has annual average concentration of 0.097 mg/L and standard deviation of 0.089
mg/L. The higher concentrations appeared in January, May, July, August, September

and October, indicating late spring, summer, early autumn and early winter.

Note that the above descriptions do not represent the seasonal features of these NPS

items by the limited observation period of one year.

Figure 6.3: TN and TP concentration changes at Point A (near the outlet)

6.4 Source runoff concentration observations

Figure 6.4 represents the source runoff concentration changes within the selected year

by weekly basis measurement (monthly basis for forest source runoff). The purple
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marker line, yellow marker line and green markers represent source runoff

concentrations of urban, agricultural land and forest respectively.

It is obvious that three land-use types have their own source runoff concentration
level, indicating different degrees of NPS contributions. For TN, urban area has the
highest level of source runoff concentration with average concentration of 4.81 mg/L. In
contrast, agricultural area has the average concentration of 3.08 mg/L and forest has the
average concentration of 2.51 mg/L. For TP, the average source runoff concentrations

of urban, agriculture and forest are 0.207 mg/L, 0.056 mg/L and 0.083 mg/L.
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Figure 6.4: Source runoff concentration observations

Generally, that runoff generated from urban area has the highest NPS concentration is
considered as the severe and concentrated effects by domestic sewage and waste.
Agricultural land is expected to have higher NPS concentration than forest because of
the pesticides and chemical fertilizers uses. This speculation was proved by the TN
observations but not represented by the TP observations. The main reason to cause

forest has higher concentration of TP than agricultural land is the high value measured

77



on 2015/9/20 for forest. Without this date, the average TP concentration of forest
becomes 0.030 mg/L which is lower than the agriculture average (0.056 mg/L).
However, it is not easy to confirm whether this date just comes from an occasional
event or represents the seasonal trend realistically. In this study, we kept this date
effective and require future confirmation after longer observation period and

accumulation of data.

Another finding is the different fluctuation of each source runoff concentration.
Source runoff concentrations of urban have the largest degree of dispersion, on the other
hand, the fluctuations of agriculture and forest source runoff concentrations perform
more smooth. The urban source runoff concentration was measured in a ditch near
residential houses, the human activities are considered more complex than the other two
land-uses and it was well reflected in our measurement. For TN, standard deviations of
urban, agriculture and forest are 1.53 mg/L, 0.85 mg/L and 1.10 mg/L. For TP, standard
deviations of urban, agriculture and forest are 0.197 mg/L, 0.049 mg/L and 0.186 mg/L.
Obviously, urban areas have the largest standard deviations for both TN and TP,

indicating a larger amount of variation to the mean.

The source runoff concentration changes also reveal seasonal characteristics. For TN,
the higher source runoff concentrations of urban appear in late spring, summer, middle
autumn and winter which is similar with the stream observations. The higher source
runoff concentrations of agricultural land concentrate in spring and summer which is
considered as the farming season with pesticides and chemical fertilizers use intensively.
The higher source runoff concentrations of forest appear in summer and winter. For TP,
the higher source runoff concentrations of urban concentrate in summer and autumn.
The changes of source runoff concentrations of agricultural land and forest (except the

high value in 2015/9/20) appear smooth when comparing with the urban area.

In summary, the high concentrations of NPS nutrients mainly concentrate in spring
and summer (autumn and winter for some cases) for both stream and source runoff
samples. The cause of increase of NPS release is preliminarily considered as the effects

of intensive human activities, farming season and temperature effects.
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6.5 Stream NPS nutrient concentration simulation

Based on the flow discharge contribution rates (estimated by the RRI model and
T-SAS) and source runoff concentrations of each land-use (field measured), the stream

NPS nutrient concentrations were calculated (refer Section 5.3).

For a reasonable estimation, we separated the source runoff concentrations measured
in 52 times into two types (runoff and baseflow) based on the daily precipitation in the
measured day and treat them separately. We assumed that the days with daily
precipitation more than 10 mm are runoff days and the others are baseflow days. The
source runoff concentrations measured in runoff days (or up to no more than one day
after that runoff day) respond to rainfall events calculation and the source runoff
concentrations measured in baseflow days respond to baseflow calculation respectively.
Moreover, we classified the source runoff concentrations of runoff days according to the
precipitation intensities and thus we have totally four classes of source runoff

concentrations:

Class 1: daily precipitation < 10mm, source runoff concentration for baseflow

Class 2: 10mm < daily precipitation < 25 mm, source runoff concentration for
moderate rain;

Class 3: 25 mm < daily precipitation < 50 mm, source runoff concentration for heavy
rain;

Class 4: 50 mm < daily precipitation, source runoff concentration for extreme heavy

rain.
As a result, among the 52 observations, we have 39 observations of source runoff

concentrations fall into Class 1, 9 observations fall into Class 2, 2 observations fall into

Class 3 and 2 observations fall into Class 4.
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As supplementary explanation, in our field investigation we have found that the NPS
concentrations of upstream rivers have obvious increase in a raining day than a
non-raining day (see Section 2.4.3). However, the NPS concentrations and precipitation

did not reveal significant correlations based on the long-term observations.

The calculation process is simply described as below. For a selected day, we check its
daily precipitation and determine which class it falls into. Then we search the nearest
measured source runoff concentration beforehand which falls into the same class.

Finally, this source runoff concentration is used for the calculation of equation (18).

After we repeated these procedures for the whole 365 days, time series of stream NPS
nutrient concentrations of this selected year were calculated and plotted on Figure 6.5.

The red dots represent the observations and the green lines represent the simulation

results.
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Figure 6.5: Stream NPS nutrient concentration simulation and validation
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Our simulation results have acceptable agreement with the observations as the RMSE
and Relative Error (RE) of TN is 1.06 mg/L and 28.7% and the RMSE and RE of TP is
0.087 mg/L and 68.1%. When focusing on summer duration (June, July and August,
within the dashed grey lines), our simulation results become more satisfactory as the
RMSE and RE of TN is 0.77 mg/L and 19.6% and the RMSE and RE of TP is 0.051
mg/L and 34.3%. This is because we applied the source runoff concentrations into the
nearest days with corresponding precipitation intensity and this improved the accuracy
of simulation results particularly for rainfall events. This consequently improved the
accuracy of simulation results in precipitation concentrated summer. As about 50% of
the NPS nutrients are estimated to be delivered in summer (see Section 6.6), simulation
performance of summer has significant effect on the overall simulation results and

reliability.

6.6 NPS nutrient load simulation

Using the time series of discharge and source runoff concentration of each land-use,
time series of spatially separated NPS nutrient loads were simulated and the

contribution rate of each land-use was summarized in Figure 6.6.

In this one-year simulation (2014/12/1 ~ 2015/11/30), 79,010 kg of TN and 1,670 kg
of TP were delivered. It is obvious that the NPS nutrient export is closely related with
the runoff process thus the NPS loads have similar changing patterns with precipitations.
According to the Implementation Plan of Comprehensive Control of Water
Environment in Taihu Basin of Jiangsu (2013), the annual export coefficients of TN and
TP of the Taihu Basin in 2010 were 4,258 kg/km? and 247 kg/km?. While the annual
export coefficients of TN and TP of our study area (the Pingqgiao River Basin) in 2015
were estimated to be 3,543 kg/km? and 75 kg/km?. Simulation results indicated that the
Pingqgiao River Basin had lower export rates of TN and TP than the level of the Taihu
Basin, however it is also necessary to attract high attention for water quality

improvement.
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For the urban area, it accounts for 5.3% of total area but contributed 15.3% of TN and
29.6% of TP loads, indicating that urban areas are important sources of NPS loads. As
analysis in Section 5.4, the untreated domestic sewage and free dumped domestic waste
were considered as important causes of concentrated NPS nutrient export. Another
reason to cause high contribution rate of TP in urban area is speculated as the
phosphorus-containing detergent use. According to the previous investigation, the
contribution rate of detergent-phosphorus to the total phosphorus load was about 16.1%
in the Taihu Basin®?, 17.6% in the Yili River Basin of the Taihu Basin®" and 13. 6% in
the Hefei region of Lake Chao®Y.

For the agricultural land, it accounts for 31.3% of total area and contributed 40.4% of
TN and 33.8% of TP loads. On the other hand, forest accounts for 62% of total area and
contributed 44.3% of TN and 36.6% of TP loads. Agricultural land has higher NPS
contribution rates than forest and this attributes to the effects of pesticides and chemical

fertilizers use.

The simulated NPS loads were validated with the observed NPS loads. The observed
NPS loads were calculated by multiplying the observed stream NPS concentrations and
the simulated discharges and plotted as red dots shown in Figure 6.6. The simulated
NPS loads had satisfactory agreement with the observed loads for both TN and TP.
Particularly in the precipitation and discharge concentrated summer (shown within the
grey dashed lines), our simulation results well represented the observations. From
December 2014 to February 2015 the simulated stream NPS nutrient concentrations had
less satisfactory agreement with the observations, however, in this period the discharge
was comparably lower, indicating less effects on the simulated NPS loads as Figure 6.6

shows.
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Figure 6.6: Long term simulation of NPS nutrient loads

(numbers in % indicates the proportion of NPS load contributed by each land-use to the

total load)

83



Figure 6.7 summarized the NPS nutrient loads and the spatial and temporal
contributions. Summer and spring contributed 50.6% and 27.3% of annual TN loads and
summer and autumn contributed 45.2% and 33.8% of annual TP loads. Summer had the
most NPS contributions and this directly attributes to the concentrated rainfall events in
summer. The Taihu Basin has three distinct rainy seasons, they are spring rain in April
and May, plum rain in June and July and the Typhoon rain in August and September®.
In this selected year, the seasonal runoff performs as summer (48.8%) > spring (28.1%) >
autumn (18.2%) > winter (4.9%). Our simulation results show substantial agreement
with this trend. Also, the concentrated farming activities in spring and summer lead to a
large amount of chemical fertilizers use. The overused fertilizer particularly nitrogen
fertilizer with high solubility are dissolved and discharged into water body, causing
large TN export in spring and summer. Simulation results of TP in autumn were
somehow affected by the observation of occasional high value in 2015/9/20 and we do

not conclude the seasonal characteristic before more reliable data analyzed.

The observed NPS export amount was summarized as the red cross shows. The
observed NPS amount was calculated by summarizing the observed NPS loads which is
products of observed stream NPS nutrient concentrations and simulated discharges. The
observed stream NPS nutrient concentrations were simplified to be constantly
considered within the observation basis. Our simulation results showed 13.5%
underestimation of observed total export amount of TN and 44.6% underestimation of
observed total export amount of TP. The underestimation rates in summer were 12.5%
for TN and 37.0% for TP, both of which showed relatively less than other seasons,

indicating better simulation agreement in precipitation concentrated periods.

In addition, we selected 13 days with daily precipitation more than 25 mm and
summarized the TN and TP contributions. These 13 days with heavy rainfall contributed

36.1% of TN and 26.7% of TP of the annual loads.
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Figure 6.7: Summary of temporal and spatial contributions of NPS nutrients

6.7 Comparison between event study and long-term study

In the event study in Chapter 5, source runoff concentrations were statistically
inversely estimated by multiple spatially different stream flow samples. This approach
has no demand of source runoff concentration measurement but the inversely estimated
values probably face statistical problems (i.e. out of reasonable range). As storm event
has relatively short period, the source runoff concentration can be used as constant by

neglecting the biochemical effects in stream traveling.

For long-term simulation, the changes of source runoff concentrations cannot be
neglected. As a result, continuously and regularly measured source runoff

concentrations become necessary to reflect the changes. More intensive observations
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lead to higher accuracy of simulation results subsequently but cause more labor and cost.
In this study, we used the measured source runoff concentrations on weekly basis to

strike the balance.

To test the performance, we applied four cases with different conditions and

summarized the NPS loads (total and spatially-separated) in Figure 6.8:

(a) with the estimated source runoff concentrations for the selected storm event

(Figure 6.8(a));

(b) with the average measured source runoff concentrations in winter (2014/12/30 ~

2015/2/24) for the above storm event (Figure 6.8(b));

(c) with the estimated source runoff concentrations from the above event and

conducted a one-year simulation (2014/12/1 20:00 ~ 2015/11/30 20:00) (Figure 6.8(c));

(d) with the regularly measured source runoff concentrations and conducted a

one-year simulation (2014/12/1 20:00 ~ 2015/11/30 20:00) (Figure 6.8(d)).

Generally, the total amount of NPS nutrients based on estimated source runoff
concentrations (Figure 6.8(a) and Figure 6.8(b)) performs 20% ~ 69% overestimation
than the results based on measured ones (Figure 6.8(c) and Figure 6.8(d)). This is
because of the overestimation of source runoff concentrations of TN of urban and
agricultural land, NOs-N of agricultural land and NH4"-N of urban as Section 5.4

discussed.

For the left side (Figure 6.8(a) and Figure 6.8(c)), results of event and long-term
have similar distribution pattern because we used the same estimated source runoff
concentrations for both. When comparing Figure 6.8(c) with the long-term results based
on measured source runoff concentrations (Figure 6.8(d)), distribution pattern become
different because the estimated source runoff concentration was used as non-varied for

one-year simulation in Figure 6.8(c) and this is different with the real observations.
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Theoretically, the least requirement for simulation is one set of source runoff
concentrations (estimated or measured). It can be applied for both event simulation and
long-term simulation. However, when considering the long-term change of source
runoff concentrations, more sets of data lead higher accuracy and reliability of results.

This also makes research more flexible to combine the local conditions.
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Figure 6.8: Summaries of NPS nutrient amount of (a) event simulation by estimated
source runoff concentrations; (b) event simulation by average measured source runoff
concentrations; (c) one-year simulation by estimated source runoff concentrations; (d)

one-year simulation by measured source runoff concentrations.

6.8 Model features and limitations
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6.8.1 Main features

1) Our model outputs time series of spatially separated NPS nutrient loads and it is

useful for targeted quantitative analysis.

2) The calculation basis (e.g. source runoff concentration) is based on field
measurement or inversely estimated using corresponding numbers of stream water

samples.

3) The hydrological model used is fully physically-based while the water quality
sub-model is more empirical based thus it has simpler calculation process and lower

demand of data.

6.8.2 Advantages and limitations

1) This method has acceptable reliability because the hydrological model used is fully

physically-based and the calculation basis is field measurement based.

2) This model is expected to be applicable for most watersheds in China as the
geography information of China is somehow enriched (applicable for hydrological
model) but water quality data are limited (applicable for empirical based water quality

sub-model).

3) As the model feature described, the simulation results of NPS loads are temporally

continuous and spatially separated. It is useful for targeted and detailed analysis.

4) The validation of hydrograph separation results has not been conducted and this

requires future concerns.

5) For inverse estimation of source runoff concentration, special requirements (e.g.
corresponding numbers, spatially or temporally different, at the beginning of runoff

generation) of stream samples are needed. This may limit its application when these
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requirements are not met.

6.9 Targeted countermeasure proposal and discussions

1) Excessive use of pesticides and chemical fertilizers, 2) Primitive livestock and
poultry cultivation, 3) Untreated domestic sewage and waste, 4) Increased tourism
development, 5) Surface erosion and nutrients delivered with sediments; are reported to
be the main NPS sources in this area. This section is to conduct targeted analysis and
discussion of improvement countermeasures by combining our simulation results and

local conditions.
1) Excessive use of pesticides and chemical fertilizers

The previous study showed that the recommended nitrogen fertilizer amount for
paddy field of the Taihu Basin was 225 ~ 285 kg/ha, the recommended phosphate
fertilizer amount for paddy field was 30 ~ 60 kg/ha'. Nitrogen fertilizer amount with
more than 360 kg/ha is considered as excessive use. Referring the adjacent basin (the
Zhongtian River Basin), more than 70% of farmers have exceeded this standard (360
kgN/ha) and 24% of them have used more than 1000 kgN/ha. For the overall agriculture,
the chemical fertilizer use of the Zhongtian River Basin was 410 kgN/ha and the
recommended amount was 280 kgN/ha'). It is estimated that at least 40% of nitrogen
fertilizers were exceeded. If countermeasure of reducing about 30% of current nitrogen
fertilizer use achieved, 9,576 kg of TN loads are estimated to be reduced in this selected

year.

Besides the reduction of fertilizer use, to intercept and absorb the lost nutrients is
another effective countermeasure. In the past attempts, to build ecological ridges
(isolation belts) and constructed wetland, and restore the natural river bank are proved

to be effective for water quality purification®?.
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Among the agricultural lands, different crops have corresponding NPS contribution
rates. For example, tea plantation is said to have large NPS contribution as it is usually
planted on the hill slopes (causing more sediments than plains) and has large amount of
fertilizer use (489.6 kgN/ha)'®. In this study, we measured the agricultural source runoff
concentration without considering different crops separately. At the present stage, the
investigations and researches on NPS contributions by different crops particularly tea
plantation of this area is under processing. By combining these results, our study is

expected to be more refined in future.

2) Primitive livestock and poultry cultivation

Livestock and poultry cultivation is another important NPS source when the feces
untreated. Liu et al. (2010) summarized that the livestock and poultry cultivation
contributed the most (34% of TN and 58% of TP) among the total NPS in the Taihu
Basin?®. Certainly, this result contains the large scale livestock and poultry cultivation
which rarely exists in our study area, however, contribution of small and middle-scale

cultivations cannot be neglected.

As the livestock and poultry cultivation in this area is common and decentralized, this
causes difficulties for effective control and management. The basic principle of
countermeasure is to divide areas and implement corresponding appropriate
management. Cultivation in areas near streams and rivers are strictly limited and
controlled, the other areas are managed with loose policy. To strengthen education and
reward system to encourage autonomy of residents is also considerably necessary. From
the technical perspective, composting and construction of biogas digesters can have
efficient reuse of feces and transform it into benefit. The above techniques are also

applicable for human excrement in rural areas (residents in agricultural land and forest).

In this study, livestock and poultry cultivation effect has not been separately
simulated. In future, with more detailed land-use data and investigation information,
livestock and poultry cultivation is possible to be contained, making our results more

targeted.
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3) Untreated domestic sewage and waste

As simulation results showed, urban area has the largest NPS contribution rate than the
other land-uses for both event study and long-term study. This attributes to the untreated
domestic sewage, free dumped domestic waste and phosphorus-containing detergent use

as discussed in Section 6.6.

Correspondingly, improvement of the drainage system and sewage treatment is of the
first importance with considering the future population growth. Free dumped domestic
waste and phosphorus-containing detergent use should be forbidden particularly in areas
near streams and rivers. To conduct the mandatory management and education

simultaneously is recommended.

4) Increased tourism development

The minus effects caused by increased tourism development are similar with urban
areas. Countermeasures should be focused on sewage and domestic waste treatment and

management as well.

5) Surface erosion and nutrients delivered with sediments

Farming on slopes and deforestation cause surface erosion and nutrients delivered
with sediments. Our simulation shows that forest has certain contributions of NPS
nutrients (44.3% of TN and 36.6% of TP). The tea plantation, arable land and bare land
with slope more than 15° are suggested to be afforested. The afforestation can be mixed
planting of protection forest and economic forest to minimize the loss of farmers. Based
on our investigation, we have found some sand factories exposed their sand materials
without shelters. For these sand factories, materials should be covered and protected to

reduce the discharged sediments during runoff process.
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Chapter 7 Conclusions

A hydrograph-separation-based NPS model was proposed and applied at the Pingqgiao
River Basin in China. This model uses flow discharge contribution rates and source
runoff concentrations of NPS nutrients from different spatial zones (land-uses) to
simulate the NPS concentrations and loads in stream flow. The method has the

following features:

1) It outputs time series of spatially separated NPS nutrient loads and it is useful for

targeted quantitative analysis.

2) The source runoff concentration can be field measured or inversely estimated using

corresponding numbers of stream water samples.

3) The hydrological model used is fully physically-based while the water quality
sub-model is more empirical based thus it has simpler calculation process and lower

demand of data.

Based on our field investigation, the observed data revealed that some water quality
items e.g. TN, TP, COD of Lake Tianmu (downstream of the Pingqiao River) did not
satisfy the local drinking water source standards. The upstream rivers had certain NPS

contributions and the nutrient export was closely related to the runoff process.

Simulations for an event study (72 hours) and a long-term study (one year) were
conducted. In the event study, source runoff concentrations were inversely estimated

and the long-term study used the continuously and regularly measured ones.

In the storm event simulation (70 mm precipitation in 72 hours), the inversely

estimated source runoff concentrations showed satisfactory agreement with the field
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measurement in the near period. The analysis suggested that this area (22.3 km?)
exported about 2,630 kg of TN, in which the urban area (5.3% of total area) contributed
18.5% of TN and 80.1% of NH4'-N. This result is consistent with local situation

reasonably based on our field investigation of pollution sources.

In the long-term study (2014/12/1 ~ 2015/11/30), simulation results of stream nutrient
concentrations showed satisfactory agreement with the observations. Particularly in the
precipitation concentrated summer, the RMSE and RE of TN were 0.77 mg/L and 19.6%
and the RMSE and RE of TP were 0.051 mg/L and 34.3%. Results suggest that 79,010
kg of TN and 1,670 kg of TP were delivered in this selected year. 50.6% and 27.3% of
TN were contributed in summer and spring, and 45.2% and 33.8% of TP were
contributed in summer and autumn. These results well reflected the effects of runoff and

farming activities on the seasonal nutrient load characteristics.

By comparing the two studies, the TN loads based on estimated source runoff
concentrations showed about 30% overestimation than the results based on measured

source runoff concentrations.

For the proposed targeted countermeasures, we gave the first priority on the drainage
system and sewage treatment improvement because the urban area has the highest
contribution rates of TN and TP according to both event and long-term simulations.
Urban area accounts for 5.3% of total area but contributed 15.3% of TN and 29.6% of
TP loads in the selected year. For the agricultural area, 30% reduction of current
nitrogen chemical fertilizer use was estimated to reduce 9,576 kg of TN export in this
year. Our simulation results showed the forest area suffering severe deforestation and
soil erosion contributed 44.3% of TN and 36.6% of TP loads, therefore, afforestation on

steep slopes are considerably necessary and urgent.

Among various sources of uncertainty, the current study lacks the detailed validation
of hydrograph separation results, the timely water sampling data for the inverse source
runoff concentration estimations and more detailed land-use classifications. Further

study is recommended with more investigation and detailed field data.
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In the testing application of hydrograph separation in terms of source components
(surface flow, subsurface flow and groundwater flow) in the Kiryu Experimental
Watershed, simulation results showed considerable contributions of bedrock
groundwater (27% ~ 60%) to rainfall-runoff generation processes and increased
groundwater contributions when upscaling basin scale. The consistence of groundwater
contributions and dynamics with previous results by EMMA approach indicated the
acceptable reliability of our model and applicability of T-SAS. As we concluded that
the reflection of real 3D groundwater level (surface) was the key factor to determine the
reliability of simulation results, our model well reflected the groundwater level and
dynamics for some basins (zero-order and second-order) as results showed, however,
simulation results of the first-order sub-basin indicated gap from real situation and

pointed out future improvement directions.
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