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Abstract

Integrated water system modeling is a reasonable approach to provide scientific
understanding and possible solutions to tackle the severe water crisis faced over
the world and to promote the implementation of integrated river basin management.
Such a modeling practice becomes more feasible nowadays due to better computing
facilities and available data sources. In this study, the process-oriented water system
model (HEXM) is developed by integrating multiple water related processes including
hydrology, biogeochemistry, environment and ecology, as well as the interference of
human activities. The model was tested in the Shaying River Catchment, the largest,
highly regulated and heavily polluted tributary of Huai River Basin in China. The
results show that: HE*M is well integrated with good performance on the key water
related components in the complex catchments. The simulated daily runoff series
at all the regulated and less-regulated stations matches observations, especially
for the high and low flow events. The average values of correlation coefficient and
coefficient of efficiency are 0.81 and 0.63, respectively. The dynamics of observed
daily ammonia-nitrogen (NH4-N) concentration, as an important index to assess water
environmental quality in China, are well captured with average correlation coefficient of
0.66. Furthermore, the spatial patterns of nonpoint source pollutant load and grain yield
are also simulated properly, and the outputs have good agreements with the statistics
at city scale. Our model shows clear superior performance in both calibration and
validation in comparison with the widely used SWAT model. This model is expected
to give a strong reference for water system modeling in complex basins, and provide
the scientific foundation for the implementation of integrated river basin management
all over the world as well as the technical guide for the reasonable regulation of dams
and sluices and environmental improvement in river basins.
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1 Introduction

Severe water crisis is a global issue including flooding (Milly et al., 2002; Schiermeier
et al.,, 2011), water shortages (Pimentel et al., 2004; Wilhite et al., 2005), water
pollution (Jordan et al., 2014; Zhou et al., 2014) and ecological degradation (Revenga
et al., 2000; Vérésmarty et al., 2010), which have hindered sustainable development
in many regions over the world. It is widely agreed that it is impossible to solve
these water problems using only the traditional hydrological method because of the
interconnections between water and other related eco-environment in the complicated
water system (Kindler, 2000). The process-oriented water system model is one of
the most sensible and efficient tools to address these problems and promote the
application of integrated river basin management.

The hydrological cycle has been widely accepted as a critical linkage among physical
(e.g. runoff, energy), biogeochemical (e.g. nutrient, water quality) and ecological
processes (e.g. plant growth), energy process at basin scale (Wigmosta et al., 1994;
Singh et al., 2002; Burt and Pinay, 2005). For example, the physiological and ecological
processes of vegetation affect the evapotranspiration, soil moisture distribution and
infiltration in the major components of water cycle, and the nutrients absorption and
movement in the biochemical cycle. On the contrary, soil moisture in the hydrological
process and nutrient content in the biochemical processes directly affects crop growth
through physiological and ecological processes of vegetation within the plant. The
overland flow in the hydrological process affects the pollutant load discharge to water
body in the environmental processes. Therefore, it is more reasonable to assess the
impact of climate change or human activities at the basin scale and to achieve better
river basin management by coupling these processes to capture the interaction and
feedback between the individual cycles.

Multidisciplinary research provides a new way to solve highly complicated problems.
This is particularly true when dealing with severe water crisis faced in water resources
management. The water system modeling can be proposed to combine water-related
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disciplines (hydrology, environment and ecology, etc.) by including most of water-
related processes. Furthermore, the basic theories of water-related disciplines have
been formalized for over a century, such as accumulated temperature law for
phenological development in 1735, Dacy’s law for groundwater flow in 1856, Saint-
Venant Equation for surface flow in 1871, balance equation for mass and momentum
in 1915, Richards equation for unsaturated zone in 1931, Horton theory for infiltration
in 1945, Penman—Monteith equation for evapotranspiration in 1965. These mature
theories, when combined with advanced geospatial technologies (RS, GIS and GPS
etc.) and high computer performance provide a scientific platform and support to make
a new breakthrough of water system modeling at the macro-scale.

Since the 1980s, integrated water system modeling has always been one of the
hot-topics in water science. Several models have been developed based on the
mature models of different disciplines (hydrology, environment and ecology). Most
existing models can be categorized into hydrology based, environment based, or
biogeochemistry based models. Table 1 gives the components considered in several
famous models. The hydrology based models extend the rainfall-runoff relationship to
include the linkage with environmental and biogeochemical processes which however
are usually weak and depicted by the empirical or black-box equations. As a result, the
hydrology based models usually have satisfactory performance in hydrological process.
Examples of widely accepted hydrology based models include HSPF (Bicknell et al.,
1993), ANSWERS-Continuous (Bouraoui and Dillaha, 1996), AnnAGNPS (Bingner
and Theurer, 2001). The environment based models depict the detail migration and
transformation processes of pollutants in receiving water bodies using numerical
solutions of one, two or three dimensional water dynamics equations. Thus the models
are subject to computational instability and time consuming due to its complexity.
The typical models are WASP (Di Toro et al., 1983), QUAL2K (Brown and Barnwell,
1987), EFDC (Hamrick, 1992). The biogeochemistry based models have advantages to
simulate physiological and ecological processes of vegetation, the vertical movement of
nutrients and water in soil layers at the field scale or experimental catchment scale, but
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lack the accurate hydrological features (Deng et al., 2011). Thus it is hard to simulate
the longitudinal movement of water and nutrients and their loss along flow path in the
basin. The examples are EPIC (Sharpley and Williams, 1990), DNDC (Li et al., 1992).
So far, SWAT is a typical integrated water system model, which simulates most of water
related processes over long time periods at large scales and has been widely used all
over the world (Arnold et al., 1998). However, the mechanism of each module in SWAT
is over-simplified and conceptual described in its model setting.

Most of existing models focus on one or two major processes at the site or basin
scale according to the major management objectives (e.g. flooding control, drought
relief and pollution improvement) (Singh et al., 2002). However, none of the existing
integrated models considered all the components, except abovementioned SWAT
which however is over-simplified and only models long-term tendencies of processes
(Neitsch et al., 2000). In practice, the traditional water resource management is
transiting to integrated river basin management by considering runoff, water quality
and ecological responses, as well as human water requirements (Gleick, 1998). This
advanced management approach has prevailed since the beginning of this century in
the world and has been gradually adopted in China.

However, new challenges are emerging in the integrated river basin management,
such as the complicated interaction mechanism of water, geochemistry, ecology
(Kirchner, 2003), the multiple scale problem (McDonnell et al., 2007), and the trade-
off in allocating water resources among the living, production and ecology (Letcher
et al., 2007). The models mentioned above, which only concentrate on one or two
processes, are difficult to account for these challenges. Moreover, along with the
rapid development of computer sciences and earth observation technologies in the
last decade, the new generation of water system models should consider multiple
processes and interactions in more detail.

The objective of this study is to develop a new hydrological and biogeochemical
process-oriented water system model with the aim to predict the spatial and temporal
variations of several key elements (e.g. evapotranspiration, soil water, runoff, nonpoint
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source pollution, water quality variables in water body, crop yield and greenhouse gas
emissions) in disturbed basins. The model framework is put forward based on the
interchange and balancing processes of water, heat and mass which are depicted
by several robust models. The parameter analysis module is also included in our
programming codes.

In this paper, the model performance is illustrated by a case study in China. This
study is expected to provide a new approach and reference to develop integrated water
system model in highly disturbed basins, to lay the scientific foundation to promote the
implement of integrated river basin management all over the world.

The paper is organized as follow. The model framework and individual modules are
introduced in Sect. 2, followed by the case study, including data pre-processing, the
calibration criteria, model performance. Conclusions and perspective discussions are
drawn in Sect. 4.

2 Model framework

In this study, the considered water related processes in a complex basin are illustrated
in Fig. 1. This model is developed along with SWAT structure with the following
key differences. First, note that the Soil Conservation Service (SCS) curve number
adopted in SWAT to estimate surface runoff is an empirical model developed for rural
watersheds in the United States. However, the applicability of SCS curve number to
other regions has been questioned (Rallison and Miller, 1981). The proposed model
uses Time Variant Gain Model (TVGM) (Xia et al., 2005) to calculate surface runoff
yield because of its strong theoretical basis. Second, note that SWAT describes the
complicated dynamic processes of soil nitrogen by a simple conceptual approach which
is weak in capturing some of these processes accurately (Gassman et al., 2007). The
proposed model prefers the strongly physical based DNDC model.

The proposed model is named HE*M where H indicates Hydrological submodel
and X is used to indicate Ecological, Environmental submodels with possible future
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extension to Economic submodel (water consumption processes in the soc-economy
system). There are seven major modules in HE*M, named as hydrological cycle
module (HCM) based on hydrology; soil biochemical module (SBM) and crop growth
module (CGM) based on ecology; soil erosion module (SEM), mass migration module
(MMM) and water quality module (WQM) for environment, as well as dams regulation
module (DRM). Parameter analysis tool (PAT) is a useful post-processing tool for HE*M
calibration and is independent from other modules. The model takes full advantages of
powerful interconnection and simulation functions of hydrological model at large spatial
scale, elaboration of vertical movement of materials in soil layers of ecological model at
site scale and longitudinal movement of materials in river segments of environmental
model. The exterior exchange elements connecting different modules are given in
Fig. 1. The interior elements of each module have not been listed in order to better
present the model structure and the relationship of these modules. More detailed
description of each module and its interactions with other modules are given in the
following sections. In order to make the presentation of the paper more readable, the
main equations of each process are deferred to the Appendices for readers who are
interested in the mathematical details.

2.1 Hydrological cycle module

Hydrological process controls physiological and ecological processes of vegetation,
oxidation-reduction reaction and anaerobic reaction of materials in soil layers, spatial
and temporal distribution of water and pollutant in the basin. A flowchart is given in
Fig. 2, from which it can be seen that shallow soil water from HCM is one of the major
factors connecting CGM (to control crop growth) and SBM (to control vertical migration
and reaction of materials in soil profiles). Plant transpiration is also linked to SBM (to
provide energy for vertical migration of materials in soil profiles). The overland flow
including surface runoff and soil runoff is linked to SEM and MMM (to drive longitude
migration of matter and sediment along flow paths), to WQM for runoff routing in water
bodies (rivers and lakes). Moreover, HCM calculates inflow of dams or sluices for DRM.
9226
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Surface runoff yield calculation is the core of hydrological simulation and has close
relationships with many other processes. Time Variant Gain Model (TVGM) (Xia et al.,
2005) is applied to calculate surface runoff yield because of its strong theoretical basis.
In TVGM, the rainfall-runoff relationship is nonlinear with surface runoff coefficient
varying and being affected significantly by antecedent soil moisture (Xia et al., 1991).
TVGM is based on the Volterra function and has satisfactory performance, especially
in arid and semiarid regions (Xia et al., 2005; Wang et al., 2009).

The potential evapotranspiration is calculated using Hargreaves method (Hargreaves
and Samani, 1982) because it only uses the daily maximum and minimum temperature
data which are widely available. The actual plant transpiration is expressed as
a function of potential evapotranspiration and leaf area index while the soil evaporation
is expressed as a function of potential evapotranspiration and surface soil residues.
The soil and ground runoff is considered as a linear storage—outflow relationship (Wang
et al., 2009). The infiltration from the upper to lower soil layer is calculated using storage
routing methodology (Neitsch et al., 2005). The Muskingum method or kinetic wave
equation is used for river flow routing.

2.2 Ecological process modules

Ecosystem is one of the decisive components to the hydrological cycle and the material
migration and transportation. The main feature of HE*M is that water cycle, nutrient
cycles and crops growth, as well as their key linkages are incorporated. The ecological
processes contain SBM and CGM modules.

2.2.1 Soil biochemical module (SBM)

SBM simulates the key processes of Carbon (C), Nitrogen (N) and Phosphorus (P)
dynamics in the soil profiles, including decomposition, mineralization, immobilization,
nitrification, denitrification and plant uptake, etc. C constrains the decomposition and
denitrification of N and P. Soluble nutrient including nitrate nitrogen (NO3-N), NH,-
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N and soluble P outputted from SBM are connected to CGM as nutrient constraint
of crop growth, and to MMM as main sources of pollutant to water bodies as well
as insoluble materials (organic P and N) (Fig. 3a). The daily step decomposition
and denitrification submodels in DNDC (Li et al., 1992) are adopted to simulate
biogeochemical processes of C and N in the soil profile at site scale (Li et al., 1992).
The major processes of soil P cycle are simulated based on the studies of Horst
et al. (2001) and Neitsch et al. (2005). The soil profile is divided into three layers,
viz. surface (0—10cm), and user defined upper and lower layer.

Soil C and N cycle. In the aerobic state, the decomposition and other oxidation
processes, such as nitrification, mineralization and immobilization, are the dominant
microbial processes. The denitrification process is activated by rainfall or irrigation
events. As the oxygen availability is limited, a series of N oxides is used to replace
oxygen as the terminal electron acceptor during soil oxidation-reduction reaction.

— Decomposition. There are three conceptual organic C pools: the decomposable
residue pool, microbial biomass pool and a stable pool (humus). Every pool
contains resistant and labile components. Decomposition of each C pool is
treated as the first-order decay process with the individual decomposition being
modified by soil temperature and moisture, clay content and the C:N ratio.
Carbon dioxide (CO,), released from soil organic carbon (SOC), is calculated
as a constant fraction of the C undergoing decomposition of three C pools. When
precipitation and/or irrigation happen, the decomposition process will pause and
the denitrification process will start until the soil water file pore space (WFPS) in
the surface soil layer reaches a threshold (e.g. 40 %) or the substrates are used
up. Then the decomposition will restart. The details of SOC pool structure are
described in Li et al. (1992).

— Nitrogen transformation during decomposition. The major simulated processes
with decomposition under aerobic condition are mineralization, immobilization,
ammonia (NH3) volatilization and nitrification. Ammonium (NH:{) is mineralized
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from organic N pool when SOC flows from lower C: N ratio C pools into higher
C: N ratio C pools. During immobilization, if the mineral N (NHZ and NO3-N) is not
enough, SOC decomposition will reduce to an allowable level. NH; volatilization is
controlled by NHZ concentration, clay content, pH, soil moisture and temperature.
NHZ is microbial oxidized to NO3-N and nitrous oxide (N,O) which emit into the
air as a gaseous intermediate during nitrification. The proportion of N,O is small
and is controlled by NH;r concentration, pH, temperature, moisture, etc in the soil
layer.

— Denitrification. The denitrification process works during rainfall or irrigation events
when WFPS is greater than the threshold. The general recognized reduction
sequence in denitrification is NO3 — NO, — NO — N,O — N,. The denitrification
rate correlates with denitrifier biomass, moisture, pH, temperature, and NO;-
N concentration in the soil layer. The denitrifier biomass is estimated with the
growth and dead rate of denitrifier which is controlled by soluble soil C and soil
moisture, temperature. The C and N from dead cells are added to the pools of
immobilized C and N which no longer participate in the dynamic processes. The
consumption rate of soluble C depends on the biomass, relative growth rate, and
the maintenance coefficients of the denitrifier populations. The daily emissions
of N,O and N, are calculated as a proportion of total production of N,O and N,
which is related to the adsorption coefficients of gases in soils and the air filled
porosity of the soil. But the emission is neglected because of the low diffusion
rates in soil water during the rainfall events.

Soil P cycle. Four major forms of P in soils are considered, viz., stable organic P, active
organic P for plant uptake, fresh organic P associated with plant residue, microbial
biomass and soluble mineral P as the consequence of mineralization, decomposition
and sorption (Horst et al., 2001). The P dynamics processes are considered in Horst
et al. (2001) and Neitsch et al. (2005), through modeling the P release from fertilizer,
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manure, residue, microbial biomass and humic substances, and plant uptake and
transport by soil erosion.

2.2.2 Crop growth module (CGM)

CGM is developed based on EPIC crop growth model (Hamrick, 1992), which applies
the concept of daily accumulated heat units on phonological crop development, with
Monteith’s approach for potential biomass, harvest index for partitioning grain yield,
stress adjustments for water, temperature, and N availability in the root zone of the soil
profile. It predicts total dry matter, leaf area index, root depth and density distribution,
harvest index, and N uptake, etc. (Willians et al., 1989; Sharpley and Williams, 1990).
The crop respiration and photosynthesis drive the vertical movement of water and
nutrient, and transpiration. In CGM, the output of leaf area index is the main factor
connecting HCM (to control the transpiration), and the crop residues left in the fields
is the main source of organic materials (N, P and C) connecting to SBM for soll
biochemical degradation, to MMM for overland migration, and to SEM as one of the
five constraint factors (Fig. 3b).

2.3 Environmental process modules

The environmental process modules are to simulate the material (e.g., different forms
of nutrient, chemical oxygen demand) migration and transformation with the movement
of surface water and sediment. The main modules are SEM for simulating sediment
yield, MMM for material migration to water bodies (rivers or lakes) with overland flow
and sediment, WQM for the migration and transformation in water bodies.

2.3.1 Soil erosion module (SEM)

The soil erosion by precipitation is estimated using the improved ULSE equation

(Onstad and Foster, 1975) based on runoff outputted from HCM, crop management

factor outputted from CGM. SEM simulates sediment load for MMM to provide the
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(Fig. 4a).

2.3.2 Mass migration module (MMM)

The main mass migration processes contain the soluble matter migration with overland
runoff, the adsorbed matter migration with sediment, immobilization and mineralization,
as well as the loss during the migration. This module calculates the matter load
discharged into rivers for WQM (Fig. 4b).

2.3.3 Water quality module (WQM)

Two water quality modules are designed for different types of water bodies, viz., the
in-stream water quality module and the water quality module of water impounding
(reservoir or lake). The enhanced stream water quality model (QUAL-2E) (Brown
and Barnwell, 1987), as a comprehensive and versatile stream model, is adopted to
simulate the longitudinal movement and transformation of water quality constituents
in the branch stream systems. The model is centered at dissolve oxygen (DO) and
can simulate up to 15 water quality constituents including temperature, DO, sediment,
different forms of nutrient (N and P), chemical oxygen demand (COD), pesticide,
coliform bacteria, and three conservative constituents (Neitsch et al., 2002) (Fig. 4c).
The mass balance is used to determine the constituents’ concentration based on
the mass fluxes into and out of each computational unit and the degradation of the
constituents themselves. The water quality outputs are linked to DRM to provide
upper water quality boundary of dams or sluices. The water quality module of water
impounding assumes that water body is at the steady state and focuses on the vertical
interaction of constituents. The main processes are the constituent's degradation,
settlement, resuspension and decay in the sediment.
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2.4 Dams regulation module (DRM)

The dams or sluices highly disturb the flow regimes and associated eco-environmental
processes in most river networks (Zhang et al., 2013). The regulation of dams or sluices
should be considered in water system models. DRM provides hydrological boundaries
(e.g. water storage, runoff) regulated by dams or sluices to HCM for flow routing and to
WQM for matter migration (Fig. 5).

In our system, four methods are proposed for calculating water storage and outflow
of dams or sluices, viz.: no regulation, measured daily or monthly outflow, controlled
outflow with target water storage, and the relationship between outflow and water
storage volume (Neitsch et al., 2002; Zhang et al., 2013). The no regulation method
ignores the regulation rules and does not need any data. The measured daily or
monthly methods require users to provide the measured daily or monthly outflow series
during the simulation period. The third method simplifies the regulation rule of dam or
sluice for the long-term analysis, that is, it assumes that water is stored according to the
usable water level during the non-flooding season and the flood control level during the
flooding season and that the redundant water is discharged. The method requires the
characteristic parameters of dam or sluice including water storage capacities of dead,
usable, flood control and maximum flood levels and the corresponding water surface
areas. The fourth method is proposed according to the actual situation of China (Zhang
et al., 2013).

2.5 Parameter analysis tool (PAT)

Parameter sensitivity analysis and auto-calibration are critical steps for the applications
of highly parameterized models, especially the integrated water system models
(McDonnell et al., 2007). Several parameter analysis methods are coupled in HEXM,
including parameter sensitivity method (Latin Hypercube One factor At a Time: LH-
OAT) (van Griensven et al., 2006), auto-optimization methods such as Particle Swarm
Optimization (PSO) (Kennedy, 1995), Genetic Algorithm (GA) (Goldberg, 1989) and
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Shuffled Complex Evolution (SCE-UA) (Duan et al., 1994) as well as uncertainty
analysis method (Bayesian approach).

2.6 Datasets and spatial delineation

The indispensable spatial and temporal datasets of HE*M are GIS data (DEM, soil
physical and chemical properties, land use and crop types), daily meteorological
data (precipitation, maximum and minimum air temperature), social-economic data
(populations in urban and rural area, total gross domestic product: GDP and secondary
industry GDP, orchard area, breeding stock of large animals and livestock, chemical
fertilizer amount and cultivation methods, water withdrawal and point source pollutant
load), dams characteristic data (water storage capacities of dead, usable, flood control
and maximum flood levels and the corresponding water surface areas). Several
monitoring data series are also needed to calibrate HE*M such as runoff or water
quality series at river sections, soil water content and crop yield at the field scale. All
the datasets and their usages in HE*M are given in Table 2.

The model is setup based on sub-basins at daily scale. The hydrological toolset
of Arc GIS 10.0 platform, or AVSWAT platform are used to delineate sub-basins, river
system and flow routing relationship between sub-basins based on DEM. Generally, the
minimum simulation cells are partitioned in each sub-basin related to the main landuse
classes of the classification standard of China including forest, grassland, water, urban,
unused land, paddy land and dry land (GB/T21010-2007).

Different modules are linked as following. The overland yield and reaction processes
of water, material and crop of HE*M are simulated in the minimum simulation cell
of each sub-basin and related modules include HCM (e.g., water yield, inflitration,
interception and evapotranspiration), SBM, SEM and CGM. The migration processes
of water and material are calculated in each sub-basin and its related modules is HCM
(e.g., flow routing), MMM, WQM and DRM.
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3 Model application and results

As an example, HE*M is applied in a highly regulated and heavily polluted river basin of
China in order to test the model performance. The simulated components contain daily
runoff and water quality concentration at several river cross-sections, spatial patterns
of nonpoint source pollutant load and crop yield at sub-basin scale. Furthermore, the
simulation results are compared with the existing studies calculated by another widely-
used model (SWAT) in the same area (see Zhang et al., 2013).

3.1 Study area

Shaying River Catchment (112°45" ~ 113°15' E, 34°20" ~ 34°34’ N), as the largest sub-
basin of Huai River Basin in China, is selected as our study area (Fig. 6a). It has the
drainage area of 36 651 km? and the mainstream of 620 km long. The basin is located in
the typical warm temperate, semi-humid continental climate zone. The annual average
temperature and rainfall are 14—16 °C and 769.5 mm, respectively. Meanwhile, Shaying
River is the most serious polluted tributary with pollutant load contributing over 40 % of
the whole Huai River and is usually known as the water environment barometer of Huai
River mainstream. In order to reduce flood or drought disasters, 24 reservoirs and 13
sluices have been constructed and fragment river into several impounding pools which
control over 50 % of the total annual runoff.

3.2 Model setup and evaluation

Shaying River Catchment is then divided into 46 sub-basins and the land use types are
dry land (84.04 %), forest (7.66 %), urban (3.27 %), grassland (2.68 %), water (1.43 %),
paddy (0.91 %) and unused land (0.01 %) (Fig. 6b). The soil input parameters (the
contents of sand, clay and organic matter) are calculated based on the percent of soil
types in each sub-basin.
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The daily data series at 65 precipitation stations and six temperature stations
are interpolated to each sub-basin from 2003 to 2008, using the inverse distance
weighting method and the nearest-neighbor interpolation method, respectively. The
social-economic data are also interpolated into each sub-basin based on the area
percentage. There are 23 major dams and sluices and over 200 pollutant outlets
considered in the model according to the geographical positions.

LH-OAT is used to test the sensitive parameters in HE*M. The model calibration
is conducted step-by-step using SCE-UA as follow. Hydrological parameters are
calibrated firstly according to observed runoff series at each station from upstream
to downstream, and then water quality parameters according to observed NH4-N
concentration series. The calibration and validation periods are from 2003 to 2005 and
from 2006 to 2008, respectively. Bias (bias), correlation coefficient (r) and coefficient
of efficiency (NS) are used to evaluate model performance.

Bias(bias) : bias = > (0;-5;)/ > O, (1)

Correlation coefficient: r = > (0, - 0)-(S; - S) /V > (0;-012- > (S-S 2)

Coefficient of efficiency: NS = 1- > (0; - 5,)?/ > (0; - O) (3)

Here, O and O are the observed value and its average value, respectively; S and S are
the simulated value and its average value, respectively; bias measures the average
deviation between the simulated and observed counterparts whose optimal statistical
value is close to 0. The optimal statistical values of r and NS are close to 1. NS is
usually used to evaluate the simulation of continuous time series. However, as there
are only two or three observed values of NH,-N concentration in each month, NS
is not used to evaluate the NH,-N concentration simulation. In the model calibration,
a weighted average method is used to aggregate these three objective functions to
a single objective (0 and fyy,.n) @nd the optimal statistical values are also close to
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0 (Madsen, 2003; Efstratiadis and Koutsoyiannis, 2010).

frunot = MiN[(|bias| + 2 — r — NS) /3]
INH,-N = min[(|bias| + 1 -r)/2]

3.3 Parameter sensitivity analysis

Over 200 parameters control the hydrological, ecological and environmental processes
of HEXM. All these parameters are categorized into 93 lumped parameters for the
whole basin and 112 distributed parameters for each sub-basin according to the degree
of spatial heterogeneity. It is very time-consuming and impractical to calibrate all these
parameters. Thus LH-OAT is used to determine the sensitive parameters.

Nine most sensitive parameters are detected for runoff simulation (Table 3)
including soil related parameters WMc, WM, k, and f,; TVGM parameters g, and
g, for surface water calculation; ground water recharge parameters ky and 7,; and
adjusted factor KET,, of evapotranspiration. All of these parameters control the main
hydrological processes, in which soil water and evapotranspiration processes are
distinctly important, explaining 54.3 and 23.2 % of the runoff variation, respectively.

For NH,4-N concentration simulation, over 90 % of observed NH4-N concentration
variation are explained by 14 sensitive parameters which are categorized into
hydrological (59.28 % of variation), NH,4-N (20.65 % of variation) and COD (12.34 %
of variation) related parameters (Table 3). Hydrological processes provide the
hydrological boundaries which affect the nonpoint source pollutant load into rivers, the
degradation and settlement processes of NH,-N in water bodies (rivers and reservoirs)
(van Griensven et al., 2002). NH,-N concentration is further influenced by the settling
and biological oxidation processes. Moreover, it is a competitive relationship between
COD and NH,4-N to consume DO of water bodies in a certain limited level (Brown and
Barnwell, 1987).
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3.4 Hydrological simulation

The daily runoff hydrographs are reproduced at seven regulated stations and one less-
regulated station (viz., the upperstream stations unaffected by dams, or downstream
stations situated far from dams). The simulations are well fitted with the observations
at all the stations from the midstream to downstream (Fig. 7 and Table 4). The
bias at all the regulated stations are very close to 0.0 except the underestimation at
Zhoukou (0.24 for calibration and 0.41 for validation), and the overestimation at Mawan
(—0.44) and Luohe (-0.52) during the validation period. The r values range from 0.61
(Huanggiao for validation) to 0.92 (Yingshang for calibration) with the average value of
0.81 while the NS values range from 0.23 (Huanggqiao for validation) to 0.84 (Yingshang
for calibration) with the average value of 0.63. The predictions at the regulated stations
are little worse than that at the less-regulated stations due to the regulations.

Improved SWAT 2000 was also well calibrated to simulate the long-term runoff in
the same area (Zhang et al., 2013). Only monthly runoff was simulated because it is
difficult to forecast accurately the regulated daily runoff processes. The f, .« values
by SWAT at monthly scale range from 0.08 (Luohe for calibration) to 0.61 (Shenqiu for
validation) (Table 4). However, our model captures the daily runoff processes very well
at most stations, particularly for high flow regimes. Compared with the results of Zhang
et al. (2013), the 7,0 calculated at the monthly scale is significantly improved for both
calibration and validation at most of the downstream stations including Huanggiao,
Huaidian, Fuyang, Yingshang and Shengiu although it become little worse at the
upstream stations, viz., from 0.08 to 0.14 at Luohe and from 0.12 to 0.19 at Zhoukou
for calibration, from 0.19 to 0.24 for calibration and from 0.30 to 0.38 for validation at
Mawan.

Because of the high regulation in most rivers, it is necessary to consider the
impact of dam’s regulation in the integrated water system models. All the dams and
sluices are designed to control floods and supply water (Zhang et al., 2013). Thus
the discharge is usually decrease and high flow events are flattened by storage.
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The high and low flow is determined by flow duration curves and the threshold is
50 % for easy presentation. That is, the flow is high flow if its percentile is greater
than the threshold, whereas it is low flow. Compared the simulated high and low
flow with the observations from 2003 to 2008, flows are usually overestimated at all
the stations without considering the regulations and the scatters between simulated
regulated hydrographs and observations tend to more closely to the 1:1 line for
both low and high flow events. Except the high flow simulation at Huanggiao and
Zhoukou, all the high and low flow events at all the stations are better simulated with
the consideration of dams and sluices regulation (Fig. 8 and Table 5). The best fitting is
at Fuyang, especially for the high flow simulation (bias = 0.10, r = 0.89 and NS = 0.78).
The improvements of 7, from unregulation to regulation settings range from —0.09
(Fuyang) to —0.20 (Huaidian) for high flow simulation except Huanggiao and Zhoukou
(0.01), from —0.06 (Zhoukou) and —0.34 (Mawan) for average flow simulation, and from
-3.16 (Huanggqiao) and —15.28 (Luohe) for low flow simulation. The low flow simulation
still need to be further improved as low flow forecasting is actually a difficult task and
the common evaluation criteria are disadvantageous to evaluate low flow simulation
(Pushpalatha et al., 2012).

3.5 Environmental simulation

NH,4-N concentration is one of the widely used indexes to assess water environmental
quality in China (CSEPA, 2002). The observation series at five regulated stations and
two less-regulated stations in the middle and downstream are used to calibrate the
related parameters of environmental processes. The spatial distribution of nonpoint
source pollutant load is also estimated.

The simulated concentrations show good agreements with the observations (Fig. 9
and Table 6). The r values of all the stations are over 0.60 expect Zhoukou (0.56
for validation), Yingshang (0.49 for validation) and Shenqiu (0.41 for validation) with
the average value of 0.66. The bias of all the stations are considered as “acceptable”
with the range from -0.27 (Fuyang for validation) to 0.29 (Zhoukou for calibration)
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except Fantaizi (0.45 for calibration and —0.62 for validation). The best simulation is at
Luohe. As the accuracy of water quality simulation is directly influenced by hydrological
simulation (Zhang et al., 2013), the unacceptable bias at Fantaizi might be attributed
by the uncertainties existed in the uncalibrated hydrological processes. Moreover, the
underestimated concentrations often emerge in the period from January to May due to
the overestimation of low flows.

Compared with the results of Zhang et al. (2013), all the values of fyy, y decrease
obviously with the range from -0.02 (Fantaizi for validation) to —0.61 (Fuyang for
validation) except Zhoukou (0.16 for calibration). The NH,-N simulation performance
of HEXM has been improved greatly by coupling process-based N cycle model
(DNDC), but little weaker at Zhoukou during the calibration period due to the runoff
simulation error. The simulation is also significantly improved considering the regulation
compared to the results without the regulation except Fuyang for calibration. The
decreases of fyy,.y value range from 0.06 (Fantaizi for calibration) to 0.49 (Zhoukou
for validation). The degradation and settlement at the upstream of dams or sluices
play a positive role in pollutant concentration reduction by water storage. Thus, the
simulated concentrations without regulation are greater than the observation or the
simulation with regulation, except Huaidian, and the largest difference appears at
Zhoukou.

The spatial pattern of average annual nonpoint source NH4-N load is shown in
Fig. 10. The modeled annual yield rates range from 0.048 to 11.00 with a mean of
0.73tkm™2 year'1. The high load yield regions are in the middle of Pingdingshan,
Xuchang, Zhengzhou, Fuyang and Zhoukou cities. The spatial pattern is highly
correlated with the distribution of paddy fields (r = 0.506) and the rice yield (r = 0.799).
The fertilizer loss of paddy fields is the primary contributor to the nonpoint source NH,-
N load, possibly because the average nitrogen use efficiency in China is just 30 ~ 70 %
in paddy fields, which is much lower than the efficiency in the dry field (50 ~ 80 %). The
nitrogen is easy to loss by volatilization to air, dissolution and drainage into rivers with
runoff in paddy fields (Gao et al., 2008).
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Furthermore, the average annual point source NH,-N loads into rivers are about
4.70 x 1O4tyear'1 in Shaying River Catchment by statistics. Thus, nonpoint source
load contributes 38.57 % of the overall NH,-N load on average from 2003 to 2005,
which is little greater than the statistics results (29.37 %) of integrated water resources
planning of Huai River Basin and Shandong Peninsula in 2000. Compared with the
nonpoint source load of each city in 2000, the simulated annual loads tend to increase
from 2003 to 2005 except in Kaifeng city. The most increased regions are Fuyang and
Pingdingshan cities.

3.6 Crop yield simulation

The simulated corn yield and its spatial pattern are shown in Fig. 11. The average
annual yields range from 28.10 to 762 169.64 with the mean of 63 704.4Otyear‘1. The
high-yield regions are Fuyang and Zhoukou cities in the middle and down reaches,
whose primary land use are dry land (95.87 and 93.18 %, respectively). According
to the statistics at city scale, the yields of Luohe, Nanyang, Kaifeng cities are well
simulated compared with the statistics from statistical yearbooks from 2003 to 2005
(Henan Statistical Yearbook, 2003, 2004 and 2005). The total yield is underestimated
in the whole basin with the relative error of 19.93 %. The boundary mismatch between
cities and sub-basins results in the simulated errors, as well as the different cropping
patterns in such huge basin. Higher resolution remote sensing image and field
investigation can further improve the model performance.

4 Conclusions

Integrated river basin management is facing severe complicated water issues caused
by the high interference of human activities and climate change. It is difficult to
solve these water problems by the traditional hydrological method because of the
high interconnections in the complicated water system. Water system modeling is
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an effective approach for integrated water governance in the complex basins. It
provides a new research direction and is a hot-topic in water related sciences. In this
study, a process-oriented water system model (HEXM) was developed and applied in
the Shaying River, China. Several key elements of major processes were modeled
including runoff, water quality concentrations, nonpoint source pollutant load and crop
yield. The results showed that:

1. Hydrological cycle was strongly associated with biogeochemistry, ecological
processes, as well as climate change and highly intensive human activities.
However, most of the existing models focused on individual or two processes
at the site or basin scale, which were disadvantageous to solve the present
water-related problems. For examples, the traditional hydrological models paid
attention to flood forecast or water resources assessment at the basin scale.
In-stream water quality models focused on the migration and transformation of
pollutants in water bodies. The mature ecological models and biogeochemical
models concerned the nutrient and water cycles and physiological and ecological
processes of vegetations at the field or experimental catchment scale. HEXM
was a science-based approach to integrate and simulate multi-scale processes
of hydrology, biogeochemistry, crop physiology and growth, environment, as well
as their interactions based on the classical single mathematics models. The
proposed model could estimate the major hydrological elements (viz., soil water
and evaporation, plant transpiration, runoff and water storage in the dams and
sluices), environmental elements (viz., nonpoint source pollutant load, different
forms of N/P/C, water quality indexes in water bodies), ecological elements (leaf
area index, crop yield and greenhouse gas emission) in the complex basins.

2. Integrated water system management should obey the principle that both human
activities and water-related systems are in naturally functioning condition, and
coordinate the planning, development, management and use of land, water
and related natural resources within hydrological boundaries (Watson, 2004).
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Thus, the variation of several indicative elements of each subsystem should
be provided in real-time to support the integrated regulation and management.
Process-oriented water system model could play a critical technical role in the
implementation of integrated management. HE*M was a successful practice and
could be a reference point for integrated complex water system management in
the highly disturbed basins.

3. In the case study, the simulated daily runoff at all the stations was well fitted
with the observations. All the evaluation criteria were acceptable except at one
or two stations. Moreover, HEXM well captured the variation of discontinuous
daily NH4-N concentration and the unacceptable bias at some stations might be
attributed by the uncertainties existed in the uncalibrated hydrological processes.
The spatial patterns of nonpoint source pollutant load and corn yield were also
properly simulated. The outputs of several cities were good agreements with the
statistics. The model performances were significantly improved in comparison
with the existing model results. HE*M can better simulate runoff and water quality
concentration at the daily scale in the highly regulated basins, especially for the
high and low flow events. The objective function values of both runoff and NH,-N
simulation were much greater than that by the improved SWAT simulation (Zhang
et al., 2013) and the results without considering regulation.

Restricted by the heterogeneity of spatial data in large basins and insufficient
observations of every subsystems, not all the results were acceptable and several
critical processes were not well calibrated (low flow regimes, greenhouse gas emission,
crop yield, soil erosion and nonpoint source pollutant load, etc.). The model structure
could be further developed and calibrated with the absorption of new observation
sources. More complex humanity activities and water-related processes in economy
system will be incorporated into this model once the interaction mechanisms with
natural hydrologic cycle could be depicted accurately. Furthermore, there are still
several great challenges in combined calibration of multi-component and model
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uncertainty analysis because of the interaction among different processes and
highly parameterization (Beven and Binley, 1992; Grayson et al., 1992). Advanced
mathematic analysis technologies should be applied to in the next works (Gupta et al.,
1998; Reichert and Schuwirth, 2012).

Appendix A: Hydrological cycle modules
The basic water balance equation is
P, +SW,; =SW, 4 +Rs; + E;; + Rss; + Rg, + In; (A1)

where P is precipitation (mm); SW is soil water moisture (mm); E, is actual
evapotranspiration including soil evaporation and plant transpiration (mm); Rs, Rss
and Rg is surface runoff, soil runoff and ground runoff (mm), respectively; In is the
vegetation interception (mm) and / is the time step (days).

The actual soil evaporation (Eg) and plant transpiration (E,) is determined by
potential evapotranspiration (£,), leaf area index (LAI) and surface soil residues (rsd)
(Ritchie, 1972), viz.,

E,=Ey+Es < E
E, =f(LAl)-E, (A2)
Es =1(rsd)-Ey

where f(-) is a linear or nonlinear function. £ is calculated by Hargreaves method.
The surface runoff yield equation (TVGM; Xia et al., 2005) is as following.

Rs = g4 (SWy/Weat)?2 - (P = In) (A3)

where SW, and W, are surface soil moisture and saturation moisture (mm),
respectively; g4 and g, are coefficient of basic runoff and soil moisture, respectively.
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The soil and ground water flow are considered as a linear storage—outflow
relationship (Wang et al., 2009).
Rss = k.- SW
ss = k.- SW, (Ad)
Rg = kg SW,

where k. and ky are soil and ground water flow yield coefficient. SW; is soil moisture of
lower layer (mm).
The infiltration from the upper to lower soil layer is calculated using storage routing
methodology (Neitsch et al., 2005), viz.,
l/I/inf = (SWu - l/Vfc) : (1 - eXp(_t/Tinf)) (A5)
Tint = (Wsat - l/I/fc)/Ksat

where W, is water infiltration amount on a given day (mm); W, is soil field capacity
(mm); t and T;; are time step and travel time for infiltration (h), respectively; and K is
saturated hydraulic conductivity (mm h‘1).

The overland flow routing is calculated:
Ooverl = (Q, + Ostor,i—1) -[1 —exp(-1 /Toverl)] (AB)

overl

!

where Qe is overland flow discharged into main channel (mm), Q. is lateral
flow amount generated in the sub-basin (mm), Qg ;_¢ is lateral flow lagged from the
previous day (mm) and T, is lateral flow travel time (days).
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Appendix B: Ecological process modules
B1 Soil biochemical module (SBM)

B1.1 Soil temperature

T(Z,t)=T + (AM/2-cos[27 - (t — 200)/365] + TG - T (0, t)) - e~%/PP (B1)

where Z is soil depth (mm); ¢ is time step (days); T and TG are average annual
temperature and surface temperature, respectively (°C); AM is annual variation
amplitude of daily temperature; DD is damping depth of soil temperature (mm).

DD = DP-exp{In(500/DP)-[(1 = ¢)/(1 + ¢)]?}

DP = 1000 + 2500BD /[BD + 686 exp(~5.63BD)]

¢ = SW/[(0.356 — 0.144BD) - Z,]

TGipa = (1 = AB)- (T, + Ton)/2- (1 — RA/800) + T - RA/800 + AB - TG pa_1

(B2)

where DP is maximum damping depth of soil temperature (mm); BD is soil bulk density
(tm‘3); ¢ is scale parameter; IDA is day of the year; AB is surface albedo; RA is daily
solar radiation (ly).

B1.2 C and N cycle

Decomposition. The decomposition of resistant and labile C using the first order kinetic
equation, viz.

dC/dt = Uciay -Ho:nHin* (S Ky +(1=8)-kp) (B3)

where Lg ay, Uc.n @nd u , is the reduction factor of clay content, C:N ratio and
temperature for nitrification, respectively; S is labile fraction of organic C compounds;
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k; and k, is specific decomposition rate of labile faction and resistant fraction,
respectively (days‘1 )

The ammonia amount absorbed by clay and organic materials (FIXNH4) is estimated
using the equation.

FIXyy, = [0.41 - 0.47 -log(NH,)] - (CLAY /CLAY,...) (B4)

where NH, is NH:{ concentration in the soil liquid (g kg‘1). CLAY and CLAY,,, are clay
content and the maximum clay content, repectively.

log(Knw,/Kh,0) = 109(NH,m/NH3 ) + pH
NH,,,, = 10{'09(NH4)—(|09(KNH4)—|09(KH20))+pH}'(CLAY/C|-AYmax) (B5)

AM = 2. (NHy)- (D -t/3.14)%°

where Kyy, and Ky o are dissociation constant for NH; : NHz equilibrium, H* : OH™
equilibrium, respectively; NH,,, and NH;,,, are NH; and NH5 concentration in the liquid
phase, respectively (mol L'1); AM and D are accumulated NH5 loss (mol cm'z) and
diffusion coefficient (cm? d™?), respectively.

The nitrification rate (dANNO kg ha™" day'1) is a function of the available NHZ, soil
temperature and soil moisture. N,O emission is a function of soil temperature and soil
NH; concentration, viz:

{ dNNO = NH,()-[1 — exp(=Kzs - 4y n - )] i, (B6)

N,O = (0.0014 -NH,/30.0)-(0.54 + 0.51-T)/15.8

where NH,(t) is available NHZ (kg ha’1); K35 is nitrification rate at 35°C (mgkg ha'1);
Hm, n is moisture adjusted factor for nitrification.
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Denitrification. The growth rate of denitrifier is proportional to their respective
biomass, which is calculated with double Monod kinetics equation.

(dB/dt)g = ppn - B(t)
HbN = Hy, dn * (UNo, * HPHNO, * UNO, * HPHNO, * UN,0 * HPHN,0) (B7)
Un,0, = Un,0, max" (C/Kc 172 + C)- (NxOy /Ky 0, 1/2 + NOy)

where B is denitrifier biomass (kQ); (dB/dz‘)g is potential growth rate of denitrifier
biomass (kg ha™' day'1); Upn is relative growth rate of the denitrifiers; Un,0, and

UN,0, max are relative and maximum growth rate of NO,, NO; and N,O. HpHN,0, and
Uy, gn are reduction factor of soil pH and temperature, respectively.

.

Uprino, = 7.14-(PH - 3.8)/22.8

MpHno, = 1.0

< 'uPHNZO = 722 . (pH - 44)/1 88 (88)
oT=225)/10 it T « 60°C

Hian = {o if T > 60°C

\

The death rate of denitrifier (dB/dt)4 (kg ha™ h'1) is the proportional to denitrifier
biomass, viz.

(dB/dt)y = Mg - Y- B(t) (B9)

where M and Y are maintenance coefficient of C (1 h'1), maximum growth yield of
soluble C, respectively.
The consumption rate of soluble C and CO, production is calculated as

dCcon/dt = (.uDN/YC + MC) ’B(t)
dCO,/dt = dCyopn /dt — (dB/d1)q
9247
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The NO,, NO, and N,O consumption are calculated with Pirt's equation.

dN,O, /dt = (un,0,/ YN,0, + Mn,0, - NxOy/N) - B(f) - ppn, 0, - Ut dn (B11)

N assimilation is calculated on the basis of the growth rates of denitrifiers and the C: N
ratio (CNRp.y) in the bacteria, viz.

(dN/dt),ss = (dB/dt)g-(1/CNRp . ) (B12)

The emission rate is a function of adsorption coefficients of the gases in soils and to
the air filled porosity of the soil.

P(N,) = 0.017 + (0.025 — 0.0013-AD) - PA
P(N,O) = [30.0- (0.0006 + 0.0013- AD) + (0.013 — 0.005 - AD)] - PA (B13)
P(NO) = 0.5-[(0.0006 + 0.0013- AD) + (0.013 — 0.005 - AD) - PA]

where P(N,), P(NO) and P(N,O) are emission rate of N,, NO, N,O during a day,
respectively; PA and AD are air-filled fraction of the total porosity and adsorption factor
depending on clay content in the soil, respectively.

B1.3 P cycle (Neitsch, et al., 2002)

Mineralization. The mineralized P is added to solution P pool. The amount of active
and stable organic P is calculated as

{ Orgpact = orgPhum 'orgNaCt/(OrgNact + OrgNsta) (B14)

0rgPgta = OrgPpm - OrgNgi, /(0rgN,et + OrgNg,)
where orgP,; and orgPg,, are the amount of P in active organic pool and stable organic
pool, respectively (kg ha’1); orgP,um is the humic organic P in the layer (kg ha™’ );
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orgN, and orgNg, are the amount of N in active organic pool and stable organic
pool, respectively (kg ha™" ).
The mineralized rate of humus active organic P pool (RHP) is calculated

RHP = 1.4- Brin - (Vimp - Ysw) (815)
where B, is the rate coefficient for mineralization of humus active organic nutrients;
Yimp @nd Ygw are temperature factor and soil water factor.

The mineralized of the residue fresh organic P pool (RRP) is calculated as

{ RRP = 0.8 6, (B16)

1/2
Ontr = Brsd* Vntr- (Vtmp “Ysw) /

where 6., and B,y are the residue decay rate and the mineralization coefficient of
residue fresh organic nutrients. y,y, is the nutrient cycling residue composition factor.
Decomposition. The decomposition rate of the residue fresh organic P pool (DRP) is

DRP =0.2-5,, (B17)

Sorption. The P movement between soluble and active mineral pools (Pggjac) and
between active and stable mineral pools (P,sta) are

_ Psol = MNP - pai/(1 - pai) if Psor > Min Py - pai/(1 - pai) (B18)
SRt ™) 0.1+ [Pggy — MinPygy - pai/(1 - pai)]  if Pyy < Min P -pai/(1 - pai)

_J0.0006-(4-minP,g — minPg,) if MiNPg, <4-minP 4y (B19)
20058 ™) 0.00006 - Begp - (4- MNP —MIinPgy,)  if MinPgy, > 4-minPyg,

where Pg,, minP4, and minP, are soluble, mineral active and stable P, respectively
(kg ha'1); pai is P availability index.
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B2 Crop growth module (CGM)
B2.1 Crop yield

The crop growth process depends on the accumulation of daily heat (Sharpley and
Williams, 1990). The accumulated heat (HU) during a day and heat unit index (HUI) is
calculated as:

{ HUK = (Tr;nX,K + 7-mn,K)/z - 7-b,j (BZO)
HUI; = 3} HUx /PHU;
where T, and T,,,, are maximum and minimum daily temperature (°C), respectively; T,
is the base temperature of a certain crop ("C). PHU is potential heat unit required
for crop maturity. The range of HUI is from 0.0 at the seeding time to 1.0 at the
physiological maturity.
The potential increased biomass for a day is estimated as follow:

AB,; =0.001-BE;-PAR; -[1 + AHRLT]° (B21)
= 0.0005-BE; -RA, -[1 — exp(~0.65 - LAl)] - [1 + AHRLT,]® (B22)

where AB,, is daily potential increased biomass (t ha‘1); BE is crop parameter for

converting energy to biomass (kg ha m? MJ‘1); HRLT and AHRLT are length of a day
(h) and its variation (h d-’ ); PAR is intercepted photosynthetic active radiation (MJ m'z).
RA is solar radiation (MJ m'2) and LAl is leaf area index, which is a function of heat
units, crop stress, and crop development stages.

From emergence to the start of leaf decline, LAl is estimated with the equation:

LAl, = LAl,_; + ALAI (B23)

= LAl,_; + (AHUF)(LAI, )(1 — exp(5 - (LAl,_; — LAI,.,)))- \/REG; (B24)
9250

Jladed uoissnasiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD
11, 9219-9279, 2014

Integrated
hydrological-
biogeochemical
system model

Y. Y. Zhang et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/9219/2014/hessd-11-9219-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/9219/2014/hessd-11-9219-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

From the start of leaf decline to the end of the growing season,
LAI; = LAly- (1 = HUI, /1 = HUI,)2% (B25)

where HUF is heat unit factor. REG is minimum crop stress factor. ad is a parameter
controlled LAI decline rate for crop j and HUI, is HUI value when LAl begins to decline.
But the biomass growth is constrained by water, temperature, nutrient, and aeration.

AB = AB,-REG = AB,,-min(WS, TS, SN, SP, AS) (B26)

where REG is the crop growth regulating factor.

M

The water stress: WS, = > u; ,/Ep, (B27)
/=1

The temperature stress: TS; = sin[n- (T ; — To)/2(To;=Tp )] 0<TS; <A (B28)

SNg,=2[1-3"%_,UN B,
The nitrogen stress: S [ 21 UNk/(Cna, ’)] (B29)
SN/ = 1 - SNS’//[SNS’/ + eXp(339 - 10933NS,/)]
SPg;=2[1-3}_,UP B,
The phosphorus stress: Si [ 2k=1UPk/(Cnps ’)] (B30)
SP;=1- SPS,,-/[SPS’,- +exp(3.39 - 10.93SPg )]

SAT = SW1/PO1 - CAF;
ASg; =1— SAT/[SAT +exp(-1.291 - 56.1-SAT)] SAT > 0.0
(B31)

The aeration stress: {

where T, and T, are average daily soil surface temperature and the optimal temperature
for crop /, respectively; SAT is saturation factor SW1 and PO1 are water content and
porosity of the top 1 m of soil (mm), respectively; CAF is critical aeration factor for crop
/; AS is aeration stress factor.
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The crop yield is estimated using the harvest index, viz.:
YLD, =HI;-Bpg (B32)

where YLD is total amount yield harvested from the field (t ha'1), and HI is harvest
index; BAG is the above-ground biomass. For non-stressed conditions, harvest index
increases nonlinearly from zero at seedling to HI at maturity. Affected by water stress,
the harvest index is calculated as following

HIA;=HIA,_; — HI,-WSYF,-FHU;- (0.9 - WS,)/[1 + WSYF, -FHU,- (0.9 - WS,)] (B33)

where Hlj is normal harvest index of crop j; HIA is adjusted harvest index; WSYFj is
sensitivity parameter of harvest index to draught for crop j; FHU is a function of crop
growth stage. The crop growth stage function is calculated as

FHU, = {sin[ﬂ.(HUI, ~0.3)/0.6] ﬂ-l:jl,-s <H(l)JI:;|_<_I 832 . (B34)
B2.2 Water use

The potential water use from surface soil to any root depth is calculated as:

Up,i = Epj-[1—exp(-N\-Z/RZ)1/[1 - exp(-N)] (B35)

The potential water use (U, ) in layer / is calculated by taking the difference between
U,,; values at the layer boundaries, viz.,

Ups = Epi-lexp(=N-Z,_1/RZ) - exp(-N\-Z,;/RZ)]/[1 - exp(-/)] (B36)

where UP is the total water used to depth Z m on day / (mm); RZ is the root zone depth
(m); A is a water use distribution parameter.
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Restricted by soil water content, the potential water use (U,) in layer / is calculated
with the following equations when soil water content is less than 25 % of plant available
soil water (Jones and Kiniry, 1986).

U U, -exp[20-(SW, , —WP))/(FC, - WP)) - 1] if SW,,; < (FC, - WP),/4 + WP,
o Yo, if SW, > (FC, - WP,)/4 + WP,
(B37)

B2.3 Nutrient uptake

The daily crop nutrient uptake (N and P) is the difference between crop nutrient demand
and ideal nutrient content for day /.

UND, = cyg;-B; = 5% _. UN
/ NB,/ / ZIK_1 K (838)
UPD; =cpg;-B; = 2 k-1 UPx

where UND and UNP are N and P uptake amount (kg ha'1); UN and UP are the actual
uptake of N and P; c\g and cyp are the optimal N and P concentration of the crop

(kg t’1); B is the accumulated biomass for day / (t ha'1).
The NO3-N mass flow to the roots is used to distribute potential N uptake among soil
layers.

{ UN,; =u;;-(WNOgz /SW,),

B39
UNS, = 3_ UN,, (5%9)

where WNO; is NO3-N amount in soil (kg ha‘1). The total N available for uptake by
mass flow UNS is estimated by summing UN of all layers.
The total P available for uptake is calculated using the equation
UPS; =1.50-UPD,; - 2911 LF,,(RW,/RWT))
LFU,/ =0.1+0.9- CLP,//[CLP,/ +117. eXp(—0283 . CLP,/)]
9253
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where UPS is the amount of P supPIied by soil (kg ha‘1); RW and RWT are the root
weight in layer / and in total (kgha™'); LF, is the labile P factor for uptake (g t‘1).
A portion of uptake N will be fixed by legumes, viz.,

{WFX,- = FXR, - UND, WFX < 6.0 (B41)

FXR = min(1.0, FXW, FXN) - FXG

where FXG is the growth stage factor; FXW and FXN are the factors of soil water and
NO;-N, respectively. All of these factors are calculated using the follow equations.

0.0 HUI, < 0.15,HUI, > 0.75
.67HUI; - 1. A HUI. < 0.
FxG, = 4 B67HUI =10 015 <HUL <03 (B42)
1.0 0.3 < HUI, < 0.55
3.75-5.0HUI, 0.55 < HUI, < 0.75
FXW; = (SWq 5, — WP 3)/0.85-(FCq 5 — WPy 5) (B43)
SW; 3 < 0.85(FCy 3 — WPy 3) + WPy 3
0.0 WNO, > 300kgha™ ' m™"
FXN; =< 1.5-0.005-WNO3;/RD 100 < WNO;3 < 300 (B44)
1.0 WNO; < 100

where SW, 3, WP, 3 and FC 5 are the water contents in the top 0.3 m soil, at wilting
point and field capacity, respectively.
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Appendix C: Environmental process modules
C1 Soil erosion module (SEM)

The soil erosion by precipitation is estimated using the improved ULSE equation
(Onstad and Foster, 1975), viz.,

{ (0.646E1+0450-5°*°) -K -CE-PE-LS @ >0. -

0 Q<0.

where Y is the sediment yield (t ha'1); Q is runoff volume (mm); g, is peak runoff rate

(mm h'1); K is soil erodibility factor determined by the soil type; PE is erosion control
practice factor.
LS is the factor of slope length and steepness:

{ LS = (/1/22.1)§ (65.415% + 4.56S + 0.065) (©2)
¢ =0.6-[1-exp(-35.8355)]

CE is the crop management factor:

CE = (0.8 - CE,p, ;) exp(-0.00115CV) + CE, ; (C3)

El is the rainfall energy factor:

El=R-[12.1+8.9-(logr, —0.434)-ry5]/1000 (C4)

where S is land surface slope (m m'1) and 1 is slope length (m); ¢ is a parameter
dependent upon slop; CE,, ; is the minimum crop management factor of crop j; CV

is soil cover (above ground biomass and residue) (kg ha'1). R is daily rainfall amount
(mm) and ry,, ry 5 is the peak rainfall rate and maximum 0.5 h rainfall intensity (mm h™! ).
The value of r, is obtained according to the exponential rainfall distribution.
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C2 Mass migration module (MMM)
C2.1 N migration

The loss of NO3-N is considered to happen only in the 10 mm depth of surface soil.

Wo, = Wno, - [1 —exp(-QT/UL)]
Cno, = o, /QT

where Wyo, is NO3-N weight in soil (kg ha'1); QT is water loss in the upper layer (mm);
UL is maximum soil water content (mm); Vo, is NO;N loss in the soil (kg ha'1) and
Cno, is NO3-N concentration in soil (g m~3).

The amount of organic N migrated with the sediment is estimated using the equation

YON = 0001 'Y'CON'ER (CG)

(C5)

where Yqy is loss of organic N (kg ha‘1); Con Is organic N concentration in the upper
soil layer (g m'3); ER is enrich ratio.

C2.2 P migration

The loss of soluble P is estimated using the equation
YSP = 001 CLP,/Q/kd (C?)

where YSP is loss of soluble P (kg ha'1); C_p, is labile P concentration (g m‘a); ky is
ratio of total P concentration to P concentration in the runoff.
The amount of P migrated with the sediment is estimated using the equation

YP =0.001-Y.cp-ER (C8)
where YP is loss of deposited P due to sediment migration (kg ha‘1); cp is P

concentration in the upper soil layer (g m‘3).
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C3 Water quality module (WQM)
The basic equation of in-stream water quality module is

dC/dt = -KC + D Soy (C9)

where C is the pollutant concentration (mg L‘1); K is the degradation coefficient and
> S.ut is the external source items.
The equation of water quality module of water impounding is as follow.

dh/dt = [Q - Qoul/A+P —E
dCL/CIZL = [CinQin - CLOout]/Ah - KsetCL - KdCL + Kscucs : d/h (C1 O)
dcs/dt = h/d : KsetCL - Kscqu - Kburcs

where h and d are water and sediment depth, respectively (m); Q;, and Q; are inflow
and outflow, respectively (m>s™"); C, and C,,; are mass fluxes into and out of the
water body (mg L'1); P and E are precipitation and evapotranspiration (m); C, and Cq
are constituent concentration in the water body and the sediment (mg L'1); Ky, Ksets
Kscu @nd Ky, are degradation and settling coefficient of pollutant in the water body,
resuspension and decay coefficient of pollutant in the sediment, respectively; A is water
surface area (km?).

Appendix D: Dams regulation module (DRM)

The water balance model is used to consider inflow, outflow, precipitation,
evapotranspiration and seepage of dam or sluice. The equation is:

AV = |/flowin - |/ﬂowout + l/pcp - |/evap - |/seep (D1)
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where AV, Viowin @nd Viowout @re daily water storage variation, daily volume of water

entering and flowing out, respectively (m3) which are calculated by hydrological process

module; Vigp, Vovap @nd Vieep are precipitation, evaporation and seepage volume,

respectively (m3), which are functions of water surface area and vary with water storage
change. In the design of dam in China, there is a definite correspondence relationship
among water level, storage volume and outflow. The water discharge is determined by
water level or storage volume (Zhang et al., 2013).
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Table 1. The widely used models and their main focuses.

Element Model Hydrology Environment Ecology
soil  surface ground nonpoint instream  lake crop soil
water  water water source water water growth  biochemistry
quality  quality
HSPF v v v
SHE v v v v
ANSWERS v v v v
AnnAGNPS v Vv v v v
WASP v v v
QUAL2K v v v
EFDC v v v
DNDC v v v
EPIC v v
BEPS v v
SWAT v v v v v v v v
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Table 2. The data sets and their categories used in HE*M.

Category Data Objectives Controlled
of HEXM processes
of HEXM
GIS DEM Elevation, slopes and Hydrology and
lengths of each sub-basin environment
and channel
Land use map Land use types and their Hydrology, environment
corresponding areas in each sub-basin and ecology
Soil map Soil physical properties of each
sub-basin such as bulk density,
texture, saturated conductivity
Weather Daily precipitation Daily precipitation of each sub-basin Hydrology
Daily maximum and Daily maximum and minimum
minimum temperature temperature of each sub-basin
Hydrology Daily runoff observations Hydrological parameter calibration Hydrology

Environment

The outlets and the discharge data
The concentration observation

Point source pollutant load
Environmental parameter calibration

Environment

Ecology Crop yield, Ecological parameter Ecology
leaf area index calibration
Economy The basic economic Populations, GDP, breeding Hydrology and

statistical indictors

stock of large animals and
livestock, water withdrawal
in each sub-basin

environment

Water projects

The reservoir’s design data
attribute parameters

Regulation rules of
reservoirs or sluices

Hydrology

Agricultural
management

Fertilization time and amount,
the time of seeding and harvest,
crop types

Agricultural management
rules of each sub-basin

Environment and
ecology
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Table 3. Sensitive parameters, corresponding ranges, and relative importance for runoff and

NH,4-N simulation.

Name Min Max  Definition Relative Importance
for runoff  for NH,-N
(%) (%)
WMc 0.20 0.45 The field capacity of soil 32.73 11.10
WM 0.45 0.75 The saturated moisture capacity of soil 11.68 11.83
94 0 3 The basic runoff coefficient 7.30 10.34
o 0 3  The influence coefficient of soil moisture 10.54 12.11
KET, 0 3 The adjustment factor of evapotranspiration 23.21 10.71
k. 0 1 The soil runoff yield coefficient 9.55 3.20
Ty 1 100 Delay time for aquifer recharge 1.74 -
kg 0 1 The ground runoff yield coefficient 2.91 -
fo 0 120 The steady state infiltration rate 0.33 -
rk1 0.02 3.4 The CBOD deoxygenation rate at 20°C - 6.62
rk3 -0.36 0.36 The CBOD settling rate at 20°C - 3.60
bet 0.1 1 The bio-oxidation rate of NH,-N at 20°C - 1.97
res_set (NH,-N) 0 100 The settling rate of NH,-N in the reservoirs - 14.17
res_rk1 0.02 3.4 The CBOD deoxygenation rate in the reservoirs at 20°C - 212
res_bc1 0.1 1.0  The bio-oxidation rate of NH,-N in the reservoirs at 20°C - 4.51
Total relative importance 100.00 92.27
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Table 4. Runoff simulation results of regulated and less-regulated stations (given in brackets)
and the comparisons with the existing study. SWAT does not have daily results because it is
calibrated at monthly scale.

Stations Periods Daily flow Monthly flow: HEXM(SWAT)
bias r NS f bias r NS f
Regulated stations
Huanggiao Calibration 0.00 0.86 0.72 0.14 0.00 (0.05) 0.88 (0.69) 0.75 (0.40) 0.12(0.32)
Validation 0.05 0.61 0.23 0.40 0.05(0.21) 0.81(0.83) 0.52(-0.25) 0.24 (0.54)
Mawan Calibration 0.00 0.68 0.46 0.29 0.00 (0.05) 0.74 (0.82) 0.54 (0.66) 0.24 (0.19)
Validation -0.44 0.63 0.38 0.48 —-0.44 (0.46) 0.79 (0.95) 0.52 (0.62) 0.38 (0.30)
Luohe Calibration 0.00 0.84 0.70 0.15 0.00 (-0.04) 0.87(0.94) 0.71(0.87) 0.14 (0.08)
Validation -0.52 0.75 0.51 0.42 -0.52 (-0.56) 0.87 (0.81) 0.67 (0.54) 0.33(0.40)
Zhoukou Calibration 0.24 0.87 0.73 0.21 0.24 (0.10) 0.90 (0.94) 0.76 (0.88) 0.19(0.12)
Validation 0.41 079 055 0.36 0.41 (0.34) 0.91(0.89) 0.70 (0.68) 0.26 (0.26)
Huaidian Calibration 0.03 0.88 0.77 0.13 0.03 (-0.10) 0.91 (0.85) 0.81(0.72) 0.10(0.18)
Validation 0.12 0.76 0.54 0.27 0.12 (-0.01) 0.87(0.72) 0.70 (0.46) 0.18(0.28)
Fuyang Calibration 0.00 0.90 0.81 0.10 0.00 (0.03) 0.95(0.92) 0.89 (0.84) 0.05 (0.09)
Validation 0.14 0.88 0.76 0.17 0.14 (-0.41) 0.94 (0.85) 0.86 (0.63) 0.11(0.31)
Yingshang Calibration -0.13 0.92 0.84 0.12 -0.13(-0.34) 0.92(0.82) 0.84 (0.61) 0.12(0.30)
Validation 0.16 0.87 0.74 0.18 0.16 (-0.27) 0.93 (0.85) 0.82 (0.69) 0.13(0.24)
Less-regulated stations
Shenqiu Calibration 0.00 091 0.82 0.09 0.00 (-0.09) 0.94 (0.81) 0.88 (0.54) 0.06 (0.25)
Validation -0.13 0.83 0.67 0.21 -0.14 (-0.72) 0.98 (0.78) 0.94 (0.12) 0.08 (0.61)
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Table 5. The comparison of runoff simulation results at
regulation is considered or not.

regulated stations when the dam

Stations Regulated Flow Regulation considered Regulation not considered Range
capacity Event
(%)
bias r NS f bias r NS f
Huanggiao 2.01 High 0.19 0.79 0.53 0.29 -0.11 0.80 047 0.28 0.01
Low -2.83 0.01 -9.89 4.90 -480 0.03 -1742 8.06 -3.16
Average 0.02 0.79 0.59 0.21 -0.36  0.81 0.51 0.35 -0.14
Mawan 0.29 High 0.09 0.67 0.45 0.32 -0.46 0.69 0.37 047 -0.15
Low - - - - - - - - -
Average -0.14 0.66 0.44 0.35 -1.01 0.68 026 069 -0.34
Luohe 0.26 High -0.01 0.83 0.68 0.17 -0.42 0.82 054 035 -0.18
Low -1.82 0.01 -81.02 28.28 -3.96 0.02 -124.70 43.56 -15.28
Average -0.15 0.82 0.66 0.22 -0.68 0.82 0.51 0.45 -0.23
Zhoukou 1.31 High 0.28 0.85 0.67 0.26 -0.24 0.85 0.64 0.25 0.01
Low 048 0.04 -7.91 3.45 -165 0.16 -20.29 793 -4.48
Average 0.30 0.85 0.70 0.25 -0.41 0.86 0.63 0.30 -0.06
Huaidian 1.37 High 0.12 0.85 0.71 0.19 -0.47 0.85 046 0.39 -0.20
Low -0.35 0.06 -9.49 3.93 -2.67 0.04 -37.82 14.15 -10.22
Average 0.06 0.86 0.73 0.16 -0.74 0.86 0.42 049 -0.33
Fuyang 2.21 High 0.10 0.89 0.78 0.15 -0.29 0.89 0.69 024 -0.09
Low -040 0.04 -6.09 282 -228 0.06 -2154 859 -577
Average 0.05 0.90 0.80 0.12 -0.50 0.90 0.68 0.31 -0.19
Yingshang 1.76 High 0.11 0.88 0.77 0.15 -0.35 0.88 0.68 026 -0.11
Low -0.39 0.02 -8.39 3.9 -249 0.00 -28.62 11.04 -7.45
Average 0.05 0.89 0.79 0.12 -0.60 0.89 066 0.35 -0.23
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Table 6. The comparison of NH,-N simulation results between HE*M and improved SWAT, and

between considering dams regulation and no regulation.

Stations Periods Unregulated Regulated: HEXM(SWAT)
bias r f bias r f

Regulated stations

Luohe Calibration -0.67 0.60 0.54 -0.02 (-0.13) 0.93 (0.25) 0.05 (0.44)
Validation - - - - - -

Zhoukou Calibration -0.56 0.38 0.59 0.29 (0.01) 0.61(0.66) 0.34 (0.18)
Validation -1.35 0.66 0.85 0.27 (0.19) 0.56 (0.04) 0.36 (0.57)

Huaidian Calibration 0.49 0.80 0.35 0.22 (0.01) 0.73(0.42) 0.25 (0.30)
Validation 0.22 051 0.36 0.02 (0.02) 0.67 (0.29) 0.18 (0.37)

Fuyang Calibration 0.26 0.80 0.23 0.28 (0.00) 0.78 (-0.20) 0.25 (0.60)
Validation -0.38 0.56 0.41 -0.27 (-1.13) 0.76 (0.41) 0.26 (0.86)

Yingshang Calibration 0.25 058 0.34 0.24 (-0.13) 0.79 (0.31) 0.23 (0.41)
Validation -0.76 0.62 0.57 —0.24 (0.49) 0.49 (0.46) 0.38 (0.51)

Less-regulated stations

Shenqiu Calibration 0.13 0.62 0.26 0.13(-) 0.62(-) 0.26 (-)
Validation 0.16 041 0.37 0.16 (0 27) 0.41(0.33) 0.37 (0.47)

Fantaizi Calibration 0.38 051 0.44 0.45 (-0.01) 0.69 (0.18) 0.38 (0.42)
Validation -1.02 0.73 0.64 -0.62 (O 54) 0.61(0.49) 0.51 (0.53)

9268

Jladed uoissnasiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD
11, 9219-9279, 2014

Integrated
hydrological-
biogeochemical
system model

Y. Y. Zhang et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/9219/2014/hessd-11-9219-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/9219/2014/hessd-11-9219-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

utput of each

Parameter ‘
module

[ [overin]

[ Résidues |

o s water 5 Smface runoff | \ Soil runoﬂ' | [Ground runoff |
I

I
g
(-
| £ | ‘ Uncertaity ‘ ‘ Optimized
15 Orgamcl’ ] [Jorganic € ] | Orgach | | | Overland flow interval parameer group. C
|~ UL ¢p 1+ ON
! b : | ! VES
| TTTCIITT
: Soil Biochemical i |
| module(SBM) AT |
Tn-stream pollu!anl
| [ i mi muun
| [ Sotibi PT ] | NH,N il No,N ] [ NON |
L R e g Mass migration TR \Xlater quahty module)_
(2>\_ module(MMM) nigration (WQM) @
—n Interactions between ‘The major elements or processes .
Legend > modules @ Module Name X which connect the different modules @ The major parts

Figure 1. The structure of HE*M and the interactions among the major modules (1: hydrological
part; 2: environmental part; 3: ecological part; 4: dams regulation part; 5: the parameter

analysis tool).
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Figure 3. The flowchart of soil biochemical module (a) and crop growth module (b) in ecological

part of HE*M and the interactions with other modules.
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Figure 5. The flowchart of dams’ regulation module in HE*M and the interactions with other

modules.
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Figure 11. The spatial pattern of corn yield at the sub-basin scale and city scale in Shaying

River Catchment.
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