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Abstract: The complicated biogeochemical behavior of matters in the water 17 

environment caused by sluice scheduling result in the transformation of water quality 18 

to present the characteristics of multi-media, multi-phase and multi-form. Based on the 19 

complex reaction mechanism induced by sluice scheduling in water environment 20 

system, a mathematical expression describing the mass transfer process of water 21 

components between various phases was proposed, a multi-phase transformation model 22 

of water quality with certain physical mechanism was established, and the water quality 23 

concentration under different sluice scheduling situations were simulated. By 24 

comparing with the no sluice scenario, the water quality concentration change rate 25 

under different sluice scheduling situations was calculated; the role of sluice scheduling 26 

in the transformation process of water quality was quantitatively evaluated; the driving 27 

effect of sluice scheduling on various reaction mechanisms in water was analyzed; and 28 

the dominant driving mechanism was identified. This study found that the change in 29 

pollutant concentration was significantly affected by sluice scheduling. Furthermore, 30 

the water quality concentration change rate was inversely associated with the change in 31 

the gate opening height, and the water quality concentration change rate in dissolved 32 

phase was larger than that in other phases. The strength and weakness of different 33 

dominant reaction mechanisms changed alternately with a change in sluice scheduling. 34 

For Huaidian Sluice, when the gate was fully open at 18 holes and the opening was 35 

approximately 40 cm, the contribution ratio of each corresponding reaction mechanism 36 

in water quality transformation was approximately same, and the dominance was 37 

relatively balanced, which could effectively suppress an increase in the nitrogen content 38 
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and reduce the risk of nitrogen pollution. 39 

KeyWords: sluice scheduling; water quality multi-phase transformation; water quality 40 

concentration change rate; dominant driving mechanism 41 
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1 Introduction 42 

Pollutants migrate to and transform in different environmental medias, and this 43 

phenomenon is accompanied by a series of complex physical, chemical, and biological 44 

processes (Zhou et al., 2011; Teng et al., 2018). For water environment, especially in 45 

the river reach controlled by sluices and dams, the water environment is more 46 

significantly affected by sluice scheduling (Hu et al., 2008; Koutsos et al., 2010; Li et 47 

al., 2012; Glimar et al., 2013; Liu et al., 2016; Chris et al., 2016), and the hydrodynamic 48 

factors change frequently and dramatically. This contributes to the complex 49 

biogeochemical behavior of water quality in water environment. Water quality 50 

transformation shows the characteristics of multi-medium, multi-phase and multi-form 51 

when transfers between water bodies, suspended matter, sediment, and aquatic 52 

organisms of the upper and lower water area controlled by sluice. 53 

There are two major phases in research on the impacts of water sluices and dams 54 

on water quality and quantity. (1) From the 1960s to 1990s, research focused on 55 

material and energy transmission, channel structure, and impacts on biological 56 

community indexes. (2) Many experts and scholars have a profounder understanding of 57 

regulations and requirements of sluices and dams, which has played a positive role in 58 

researching of water quality and quantity, and has also prevented negative impacts on 59 

water environment (Zuo et al., 2011). In recent years, many scholars have carried out 60 

related studies on the change of hydrological conditions affected by sluice and dam 61 

scheduling (Hu et al., 2012), water ecosystem quality (Zhang et al., 2016; Domingues 62 

et al., 2012; Zuo et al., 2015; Molisani et al., 2013; Michalski et al., 2016), and aquatic 63 
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habitat conditions (Lopes et al., 2012), aiming at the complex water quality 64 

transformation process caused by sluice regulation. However, overall, the current 65 

research results mostly focus on the impact of the water environment and changes in 66 

hydrological conditions caused by the construction of water conservancy projects. 67 

Some scholars also carried out studies on the transformation process of pollutants in 68 

different phases under the action of sluice scheduling, but mostly focused on the change 69 

in concentration during different phases. 70 

To study dominant driving mechanisms of water quality transformation under the 71 

action of sluice scheduling aims to analyze the strengths and weaknesses of physical, 72 

chemical, and biological processes under different scheduling modes, as well as 73 

quantitatively estimate the effect size of sluice scheduling on different reaction 74 

mechanisms of water quality transformation processes. Using Huaidian sluice from 75 

Shaying River, Henan Province, china as an example, the water quality multi-phase 76 

transformation model in sluice-controlled river was used to quantitatively analyze the 77 

size of water quality concentration change rate and identify the dominant driving 78 

mechanism of the water quality transformation process under different designed sluice 79 

scheduling scenarios in order to provide theoretical guidance for scheduling scientific 80 

sluice operation and reducing the ecological environment risks during sluice 81 

construction. 82 
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2 Materials and Methods 83 

2.1 Research on the water quality transformation process under the effect of sluice 84 

scheduling 85 

After the construction of sluice and other water conservancy projects on the river, 86 

the hydrological situation and the process of water quality migration and transformation 87 

were significantly affected by sluice regulation, the interface transference and phase 88 

transition of substances were taken place under various effects. Compared with a 89 

natural river, upstream water is held in front of the sluice, which greatly increases the 90 

depth and surface area, resulting in the reduction roughness and gradient, changing the 91 

original hydraulic conditions significantly. The water body movement law is different 92 

from that of the original river, the occurrence state of pollutants in the water body is 93 

constantly changing, and the strengths and weaknesses of different reaction 94 

mechanisms dominance change with hydraulic conditions during the process of 95 

pollutant migration and transformation (Fig. 1(a)). Different sluice opening modes 96 

correspond to different discharge flows, and the characteristics of water temperature 97 

and water quality in the discharge water are different, which makes the structure and 98 

function of the original material, energy and ecological environment system in the 99 

downstream change (Fig. 1(b)). In general, the migration and transformation law of 100 

substances is closely related to the different scheduling modes of sluice after gate 101 

opening, which mainly presents the following characteristics: first, the aeration effect 102 

of the atmosphere is enhanced to present an aerobic reaction in the water body, to 103 

increase the self-purification ability; second, the stirring effect from flowing water on 104 
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the sediment in front of the sluice is obvious, transforming solid pollutants in the 105 

sediment to suspended phase, enhancing the dominance of resuspension; third, 106 

particulate pollutants are dispersed and dissolved into the water in a baffle wall and the 107 

dominance of desorption is enhanced, which make the dissolved phase substances are 108 

transformed into biological phase under the action of aerobic bacteria and biological 109 

intake increases accordingly; finally, the resuspension of sedimented pollutants is 110 

enhanced under the scouring effect of downstream flow, the suspended phase 111 

concentration increases, and the resuspension is then enhanced. 112 

Chemical 

Degrading Migration and 

Diffusion

Adsorption

Sedimented Pollutants

Dissolved 

Pollutants
S

e
d

im
e
n

ta
ti

o
n

S
lu

ic
e
 g

a
te

Sediment

Suspended 

Pollutants

Algae Pollutants

Sediment

Riverbed

Air Reaeration

Respiration

Photosynthesis

Riverbed

Aquatic 

Plants

Light

Respiration
Photosynthesis

Aquatic 

Plants

Adsor

ption

Internal 

Respiration

 113 

(a) gate closure 114 

Resuspens ion

Chemical 

Degrading Migration and 

Diffusion

Adsorption

Sedimented Pollutants

Dissolved 

Pollutants

S
e
d

im
e
n

ta
ti

o
n

S
lu

ic
e
 g

a
te

Sediment

Adsorption

Suspended 

Pollutants

Algae Pollutants

Sediment

Riverbed

Internal 

Respiration
Migration 

and Diffusion

Respiration

Air Reaeration

Air Reaeration

Photosynthesis

Respiration

Photosynthesis

Riverbed
Aquatic 

Plants

Aquatic 

Plants

Light

S
e
d

im
e
n

ta
ti

o
n

 115 
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Fig. 1 Water quality transformation process under sluice scheduling. 117 

2.2 Study area and comprehensive impact experiments of sluice scheduling 118 

Shaying River is the largest area and most polluted tributary of Huaihe River basin, 119 

and an important control engineering on main stream of Shaying River named Huaidian 120 

sluice was chosen as the subject for this study. Four experiments of sluice scheduling 121 

were carried out in the 2 km of the upper and lower of Huaidian sluice. During the 122 

experiment, the research area was divided into seven sections, including four sections 123 

in the upper section and three sections in the lower section (Fig.2). The water level, 124 

flow and flow rate of each section were monitored in the field, and the samples of the 125 

water body, upper overlying water, and sediment were sent to the laboratory for testing 126 

to obtain different phase water quality data from different sections. Simultaneously, the 127 

water quality monitoring components of HACH and the algae automatic monitor 128 

instrument of DS5 were used to monitor water quality and algae in the upstream and 129 

downstream sections of sluice. 130 

 131 

Fig.2 Sketch of research area. 132 
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2.3 Methods 133 

Based on comprehensive impact experiments of sluice scheduling, data obtained 134 

from these experiments were used to carry out parameter calibration and model 135 

validation of the water quality multiphase transformation model which was constructed 136 

considering the dispatching effect of sluice. Various scheduling scenarios were set up 137 

according to the sluice’s own parameters and the characteristics of sluice scheduling to 138 

simulate and analyze the process of water quality concentration changes in the upper 139 

and lower sections. Through comparing the simulation results of water quality 140 

concentration under different scheduling scenarios with no sluice, the water quality 141 

concentration change rate in the upper and lower sections under different scheduling 142 

scenarios were calculated to quantitatively assess the role of sluice scheduling on the 143 

water quality multi-phase transformation. Representative water quality components 144 

were then selected to identify their dominant driving mechanisms in the process of 145 

different phase transformation under different scheduling scenarios. 146 

2.3.1 Model Construction and Verification 147 

In order to clearly describe the migration and transformation process of substances 148 

in water, the water quality multiphase transformation model reacts the migration and 149 

transformation of substances in different media such as water, suspended solids, 150 

sediment, and aquatic organisms was established by comprehensively applying 151 

environmental hydraulics, adsorption-desorption dynamics and growth kinetics in 152 

aquatic organisms, and then deriving the basic equations of physical, chemical and 153 

biological effects to describe the process of transport and transformation. The migration 154 
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and transformation process of substances in the interface of "water body - suspended 155 

solids - sediment - organism" is shown in Figure 3. 156 
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Fig. 3 Process of material multi-phase transformation in different phases. The 158 

transformation process of N element between each phase represents by red line to 159 

support (Section 3.4) identification of the dominant driving mechanism. 160 

2.3.1.1 Migration and transformation process of dissolved phase substances 161 

The forms of dissolved phase substances in water are mainly ions, molecules, and 162 

particles, and their concentrations change with changing hydraulic conditions. After 163 

dissolving into the water, the substances first migrate continuously with the current, and 164 

are then transferred between dissolved phase, suspended phase and sediment phase 165 

continuously under adsorption and desorption. Change of dissolved phase 166 
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concentration was proportional to the average concentration difference and the surface 167 

solution concentration of the suspended phase and sediment phase, and the phase 168 

transition was significantly affected by the mass transfer coefficient between different 169 

media, especially the size of adsorption and desorption coefficients. Finally, these 170 

degraded under the action of microorganisms. For substances necessary for biological 171 

growth, it’s concentration also affected by biological growth intake and death 172 

decomposition. The basic equation describing the process of migration and 173 

transformation is as follows: 174 

1NNNNNN
dt

dC
eddedbdwbd

d               (1) 175 

where Cd is the dissolved phase concentration, mg/L; Ndb and N
bd are the transforming 176 

volume of dissolved phase to sediment phase under adsorption and the transforming 177 

volume of sediment phase to dissolved phase under desorption, respectively, mg/(L·d); 178 

NdW is the transforming volume of dissolved phase to suspended phase under adsorption, 179 

mg/(L·d); Nde and N
ed are the transforming volume of dissolved phase to biological 180 

phase under biological intake effect and the transforming volume of biological phase to 181 

dissolved phase under biological death effect, respectively, mg/(L·d); N1 is the loss 182 

volume caused by various chemical reactions, where N1 = K1Cd, K1 is the water quality 183 

degradation coefficient, 1/d. 184 

2.3.1.2 Migration and transformation process of suspended phase substances 185 

Suspended solids mainly refer to solid particles with a diameter of approximately 186 

0.1-10μm, including inorganics, organics, sediment, clay, and microorganisms. The 187 

transformation process during the suspended phase transferred with the dissolved phase 188 
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and sediment phase mainly through adsorption, sedimentation and resuspension. 189 

Strictly speaking, desorption can happen under certain conditions in suspended phase, 190 

but generally ignored due to the small amounts and the smaller magnitude relative to 191 

sediment phase. The basic equation describing the process of migration and 192 

transformation is as follow: 193 

2NNNN
dt

dC
wbbwdw

w                         (2) 194 

where Cw is the suspended phase concentrations, mg.L; Nbw and N
wb are the 195 

transforming volume of sediment phase to suspended phase under resuspension and the 196 

transforming volume of suspended phase to sediment phase under sedimentation, 197 

respectively, mg/(L·d); N2 is the loss volume caused by various chemical reactions, 198 

where N2 = K2Cw, K2 is the water quality degradation coefficient, 1/d. Other symbols 199 

meaning same as above. 200 

2.3.1.3 Migration and transformation process of sediment phase substances 201 

Sediment phase substances are mainly composed of mixtures deposited at the 202 

bottom of water after a long period of time physical, chemical and biological actions. 203 

The transformation process during the sediment phase transferred with the dissolved 204 

phase and suspended phase mainly through adsorption, desorption, sedimentation, and 205 

resuspension. The migration and transformation of sediment phase is quite different 206 

from that of dissolved phase and suspended phase, it is mainly affected by the passage 207 

of water because of adhering to the mixture particles, and the diffusion effect is not 208 

significant. According to the principle of sediment engineering, the sedimentation and 209 

resuspension of the granular phase are related to the movement of suspended particles, 210 
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and the movement of suspended particles is closely related to flow conditions. 211 

Therefore, the change of sediment concentration is mainly affected by the action of 212 

water scouring. When the water velocity U is less than the stop velocity UZ, the 213 

dominance of sedimentation gradually increases with the decrease of water velocity. 214 

When the water velocity U is greater than the stop velocity UZ, the dominance of 215 

resuspension becomes stronger with the increase of the water velocity. The basic 216 

equation describing the process of migration and transformation is as follow: 217 

3NNNNNN
dt

dC
bdbwdbebwb

b              (3) 218 

where Cb is the sediment phase concentrations, g/m2, which is different from the unit 219 

of dissolved phase concentration, mg/L. In order to unify, Cb is converted by measuring 220 

the weight of sediment per square meter (Lin et al., 1986); Neb is the transforming 221 

volume of biological phase to sediment phase under biological death and sedimentation; 222 

N3 is the loss volume caused by various chemical reactions, where N3 = K3Cb, K3 is the 223 

water quality degradation coefficients, 1/d. Other symbols meaning same as above. 224 

2.3.1.4 Growth and death process of aquatic organisms 225 

C, N, P and other substances in water provide essential nutrients for the growth of 226 

aquatic organisms. Nutrients are continuously absorbed by sediments through roots or 227 

directly from dissolved substances in the growth process of aquatic organisms, thus 228 

reducing the content of nutrient elements. Simultaneously, part of the organic residues 229 

generated during its growth and death are decomposed by microorganisms, and others 230 

are deposited in the sediment phase. The basic equation describing the process of 231 

migration and transformation is as follow: 232 
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ebde

e
NN

dt

dC
                                 (4) 233 

where Ce is the biofacies concentrations, mg/L. Other symbols meaning same as above. 234 

2.3.2 Calculation of the water quality concentration change rate under sluice 235 

scheduling 236 

2.3.2.1 Scene design 237 

There are eighteen shallow hole gates and five deep hole gates in Huaidian sluice, 238 

the shallow hole gate width is 6 m, floor elevation is 35.86 m, the deep hole gate width 239 

is 10 m, floor elevation is 31.00 m. Shallow hole gate maintain a small flow of discharge 240 

for a long time and deep hole gate only opened in the flood period for flood discharge 241 

in actual scheduling operation. Therefore, the influence of the shallow hole gate 242 

scheduling for hydrodynamics and water quality concentration of the upper and lower 243 

sections were considered in the third and fourth experiments (Chen et al, 2014). 244 

Therefore, on the basis of considering the floor elevation and the upper water level limit 245 

during the experiment, the impact of shallow gate operation on water quality 246 

transformation was considered, meanwhile the combined operation modes of different 247 

gate opening degrees and different opening modes (i.e., which gates were opened) were 248 

also considered in scenario setting. Thus, the scheduling scenarios included the opening 249 

mode of shallow gate with eighteen holes fully opening and the opening height of gate 250 

closure, gate small opening and gate large opening were generated (Table 1). 251 

Table 1  Scheduling scenarios setting of Huaidian sluice 252 

Opening 

numbers 
Opening condition Opening height/cm 

18 holes fully Gate closure 0 
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opening 
Gate small opening 

10 

20 

Gate large opening 

40 

60 

80 

120 

2.3.2.2 Calculation method 253 

The water quality transformation concentration on nature conditions (no sluice) 254 

was taken as the background value and the water quality concentration subjected to 255 

sluice scheduling was taken as the control effect value. The water quality concentration 256 

change rate under sluice scheduling could be calculated by the comparison of the 257 

background value and the control effect value of each scheduling scenarios. The change 258 

rate was considered as the quantitative assessment index to analyze the effect of sluice 259 

scheduling on water quality multiphase transformation, and identify the driving effect 260 

of sluice scheduling on water quality multiphase transformation. 261 

The water quality concentration change rate refers to the change of water quality 262 

concentration under the action of sluice scheduling compared with that no sluice in the 263 

same section. The greater the water quality concentration change rate, the more 264 

significant the influence of sluice scheduling on water quality multiphase 265 

transformation. The equation for the water quality concentration change rate is as 266 

follow: 267 

%100/)( 
wwr

CCC                        (5)  268 

Where γ is the water quality concentration change rate under the action of sluice 269 

scheduling, dimensionless exergy; C̄r is the water quality concentration average value 270 

of a phase state under a scheduling method, mg/L;  C̄w  is the water quality 271 
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concentration average value of no sluice, mg/L. 272 

2.3.3 Identification of dominant driving mechanism 273 

The transformation process of substance in “water-suspended-sediment-organism” 274 

interface is complex, the main reaction mechanisms include migration and diffusion, 275 

adsorption and desorption, sedimentation and resuspension, aquatic organism intake, 276 

endogenous respiration, algal death decomposition, nitrification, assimilation nitrate 277 

reduction, denitrification, ammonification. If the difference of reaction rate between 278 

different water quality indexes are considered, there will be more than thirty reaction 279 

mechanisms. Considering that it is too complicated to discuss these reaction 280 

mechanisms one by one, the most representative water quality indexes and reaction 281 

mechanisms were chosen to research. The element N was taken as an example to 282 

analyze the transformation process between dissolved phase ammonia nitrogen (DNH3), 283 

dissolved phase nitrate nitrogen (DNO3), dissolved phase organic nitrogen (DON), 284 

suspended phase organic nitrogen (SON) and sediment phase organic nitrogen (BON). 285 

The processes of adsorption, desorption, sedimentation, resuspension, ammonification, 286 

nitrification and assimilation nitrate reduction (owing to the effect of algae growth and 287 

decomposition by death relative to the above reaction mechanism lag period being 288 

longer, and the magnitude of N2O concentration produced by the denitrification of nmol, 289 

therefore not consider here) are mainly considered. Among them, the first four items 290 

are mainly considered from the perspective of water quality phase transformation, while 291 

the last three items mainly focus on the nitrogen cycling transformation in water. 292 

javascript:;
javascript:;
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For more clearly understanding the reaction mechanisms involved in nitrogen 293 

migration and transformation process, analyzing the strength and weakness of each 294 

reaction mechanism dominance by using the simulation results, the mathematical 295 

expressions of nitrogen concentration change in each phase were rearranged combining 296 

Equations 1-4, and the reaction mechanisms involved are listed in Table 2. 297 

Table 2 Reaction mechanisms involved in N element transformation. 298 

Water 

quality 

indexes 

Mathematical expression Response mechanisms involved 

DNH3 
dCDNH3

dt
 = Ntxh + Nkh - Nde1 - Nxh 

Assimilation nitrate reduction, 

Nitrification Ammonification, 

Biological intake 

 DNO3 
dCDNO3

dt
 = Nxh - Nde2 - Ntxh - Nfxh 

Nitrification, Biological intake, 

Denitrification, Assimilation nitrate 

reduction 

DON 
dCDON

dt
 =N'

de - Nde + N'
bd - Ndb - Ndw - Nkh 

Biological intake, Adsorption, 

Ammonification, Biological death 

decomposition, Desorption 

SON 
dCSON

dt
 = Ndw + Nbw - N'

wb 
Adsorption, Sedimentation, 

Resuspension  

BON 
dCBON

dt
 = N'

wb + Neb + Nbd - Nbw - N'bd 

Desorption, Sedimentation, 

Resuspension, Biological death 

decomposition, Adsorption 

Note: CDON, CDNH3, CDNO3, CSON, CBON are the concentration values of DON, DNH3, DNO3, SON, 299 

BON respectively; Ned1 and Ned2 are the increment of DON and BON under biological death 300 

decomposition, respectively; Nkh is the transforming volume of DON to DNH3 under 301 

ammonification; Ntxh is the transforming volume of DNO3 to DNH3 under assimilation nitrate 302 

reduction; Nxh is the transforming volume of DNH3 to DNO3 under nitrification; Nde1 and Nde2 are 303 

the intake of DNH3 and DNO3 by algae, respectively; Nfxh is the transforming volume of DNO3 to 304 

N2 under denitrification. Other symbols meaning same as above. 305 

In order to further identify the strong and weak effect of each reaction mechanism 306 

on the water quality multiphase transformation, it is necessary to evaluate the single 307 

effect of each reaction mechanism on the water quality concentration change rate item 308 

by item combined with the water quality concentration change rate calculated in the 309 

previous section and the corresponding simulation results. 310 

 /
ii

                                 (6)  311 
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Where φi is the contribution ratio of the i th reaction mechanism to the water 312 

quality concentration change rate, dimensionless exergy; γi is the water concentration 313 

change rate of a phase caused by the i th reaction mechanism, dimensionless exergy; |γ| 314 

is the absolute value of the water quality concentration change rate, dimensionless 315 

exergy. 316 

As can be seen from Table 2, the change in nitrogen concentration in a certain 317 

phase was caused by the comprehensive action of multiple reactions. The contribution 318 

ratio of each reaction mechanism to water quality concentration change rate reflects the 319 

effect size on water quality transformation, and the larger contribution ratio is the 320 

dominant driving mechanism. In order to more clearly represent the contribution ratio 321 

of different reaction mechanisms to water quality concentration change rate, four levels 322 

were set to represent the strengths and weaknesses of dominance for different reaction 323 

mechanisms by referring to the classification mode of "control effectiveness", and the 324 

corresponding threshold ranges were given according to the simulation results (Table 325 

3). 326 

Table 3 The standard setting for the strengths and weaknesses for dominant driving 327 

mechanisms. 328 

Grade Strong Relatively strong Weak No dominance 

Value range ≥0.50 0.20～0.50 0.05～0.20 0～0.05 

3 Results and Discussions 329 

According to the derived mathematical expressions describing the transformation 330 

process of water quality in various phases, a water quality multiphase transformation 331 

model considering sluice scheduling was established based on the HD and ECOLab 332 

javascript:;
javascript:;
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module from the MIKE11 model. The model parameters were calibrated and the 333 

simulation results were verified using the data from two (third and fourth) gate 334 

scheduling influence experiments at Huaidian sluice in the Shaying River (Chen et al, 335 

2014). The results showed that the simulation accuracy of the model was positive and 336 

met the requirements (Dou et al, 2014). 337 

3.1 The water quality simulation results and analysis of different scheduling 338 

scenarios 339 

According to the simulation results, the water quality concentration of the gate 340 

opening up to approximately 120 cm in the water body was unchanged compared with 341 

no gate, which meant that the water quality transformation process of the upstream 342 

water in sluice-controlled river was basically not affected by the sluice, and the 343 

simulation results at this time was equivalent to the no gate scenario. Therefore, the 344 

simulation result of the 120 cm gate opening wasn’t compared with the simulation result 345 

of no gate. The water quality concentration changes of section Ⅳ and Ⅵ were chosen 346 

to analyze the effect of sluice scheduling on water quality concentration, because 347 

section Ⅳ was nearest before the sluice, which could better reflect the influence of 348 

sluice scheduling and section Ⅵ was located after the baffle wall, which had a positive 349 

reaction on the influence of drainage water flowing through baffle wall style on water 350 

quality concentration change. 351 

3.1.1 Water quality simulation results and analysis of dissolved phase 352 

 Upper section Lower section 
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Fig.4 The simulation results of dissolved phase water quality concentration. 353 

The change rule of dissolved phase ON, NH3-N and NO3-N concentration under 354 

different scheduling modes were shown in Fig. 4. From the figure we could see, the 355 

concentration change of ON with phase state transformation was more drastic than that 356 
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of NH3-N and NO3-N without phase state transformation, especially in the upper section, 357 

where the concentration changed greatly after gate closure. In addition, the ON, NH3-358 

N and NO3-N concentrations with gate were greater than that without gate, and the 359 

concentrations gradually decreases with the increase of gate opening no matter in the 360 

upper or lower sections of gate. 361 

According to the simulation results of ON, the concentrations in the upper section 362 

changed dramatically. In the upper section, the variation range of ON concentration was 363 

the largest when gate closure, and gradually accumulated in the front of the gate over 364 

time, the maximum concentration reached 25.31 mg/L, the concentration change rate 365 

was as high as 201.31% during simulation. The concentration was significantly 366 

declined compared with gate closure when the opening was small (10 cm, 20 cm), but 367 

it was still higher than that with no sluice, and the concentration change rate was up to 368 

32.02%. The concentration changed little compared with no sluice when the opening 369 

was large, and the maximum concentration change rate was not more than 0.5%. In the 370 

lower section, the mean concentration change rate was 14.40% during the whole 371 

simulation, the maximum concentration occurred when the small opening was 10 cm, 372 

the value was 10.62 mg/L and the concentration change rate was 26.43% during 373 

simulation. The concentration steady-state decreased while the opening increased, and 374 

finally was similar to that with no sluice. According to the law of ON concentration 375 

changing with the opening increased, it can be found that keeping a certain opening has 376 

a positive effect in improving the water quality situation for the upstream and 377 

downstream sections of the gate. 378 
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Compared with ON, whose concentration changed dramatically, the 379 

concentrations of NH3-N and NO3-N decreased steadily with the increase of gate 380 

opening. The change trend of ON, NH3-N and NO3-N concentrations were basically the 381 

same over time, which showing increased first and then decreased, and the maximum 382 

concentration appeared at the same time point, indicating a closely relationship between 383 

the three concentrations. Overall, the NO3-N concentration was larger than NH3-N 384 

concentration no matter in upper or lower sections, but they had the same trend. When 385 

the gate opening gradually increased from 0 cm to 80 cm, the average concentration of 386 

NH3-N decreased from 3.57 mg/L and 3.40 mg/L to 2.84 mg/L and 2.66 mg/L and the 387 

average concentration of NO3-N decreased from 3.67 mg/L and 3.47 mg/L to 2.92 mg/L 388 

and 2.72 mg/L respectively in upper and lower sections. As we could see from the 389 

concentrations change of NH3-N and NO3-N, the concentrations change was less 390 

affected by gate opening, and mainly by the concentrations change. There might be a 391 

critical value limiting the concentration transformation, not that the concentration was 392 

higher, the concentration by transferring was higher. 393 

3.1.2 Water quality simulation results and analysis of suspended phase and 394 

sediment phase 395 

 Upper section Lower section 
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Fig.5 The simulation results of suspended phase and sediment phase water quality 397 

concentration. 398 

From the simulation results of suspended phase and sediment phase ON we could 399 

see, the concentrations change showed gradually decrease with the increase of gate 400 

opening, but showed an opposite trend on the time scale. The concentration of 401 

suspended phase ON gradually decreased with time, and that of sediment phase ON 402 

gradually increased with time. Moreover, the concentration of the sediment phase 403 

increased more than that of the suspended phase, which indicated that the concentration 404 

of the sediment phase ON increased not only under the influence of sedimentation (Fig. 405 
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5). 406 

According to the simulation results of the suspended phase ON, for the upper 407 

section, the concentration with sluice was generally greater than that with no sluice, and 408 

the concentration at the first two time points after the gate opened were higher than that 409 

when gate closure. During the whole simulation period, the concentration gradient 410 

decreased gradually with the increase of the gate opening. The concentration gradient 411 

was the smallest when gate closure, the value was 0.27 mg/L. The concentration 412 

gradient increased gradually with gate opening, the value was up to 0.4 8mg/L. For the 413 

lower section, the concentration was the maximum when the gate opening was small. 414 

The concentration gradually decreased with the increase of opening, and shows the 415 

same phenomenon with the upper section. The concentration in the first half of the 416 

simulation period was greater than the concentration when gate closure, but the 417 

concentration in the second half of the simulation period was less than the concentration 418 

when gate closure. 419 

According to the simulation results of sediment phase ON, the concentration with 420 

sluice was greater than that with no sluice in the upper and lower section, the 421 

concentration in the upper section gradually decreased, and first increased and then 422 

decreased in the lower section with the increase of the gate opening. The concentration 423 

increased gradually with time from the time scale, but the larger the gate opening, the 424 

slower the concentration increased. In the upper section, the gate opening that 425 

maximum value added of concentration was gate closure, the value increased from 426 

14.65 mg/L to 46.46 mg/L, and the amplification was 217.13%. The gate opening that 427 
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minimum value added of concentration was 80 cm, the value increased from 13.59 428 

mg/L to 20.09 mg/L, and the amplification was 47.83%. In the lower section, the gate 429 

opening that maximum value added of concentration was 10 cm, the value increased 430 

from 14.99 mg/L to 19.97 mg/L, and the amplification was 33.22%. The gate opening 431 

that minimum value added of concentration was 80 cm, the value increased from 13.54 432 

mg/L to 15.26 mg/L, and the amplification was 12.70%. 433 

3.2 Analysis of water quality concentration change rate under sluice scheduling 434 

Combining with the simulation results of water quality concentration under 435 

different scheduling scenarios, the water quality concentration change rates of dissolved 436 

phase, suspended phase and sediment phase in the upper section Ⅳ and lower section 437 

Ⅵ under different scheduling scenarios were calculated using Equation (5), which is 438 

shown in Fig. 6. 439 

 440 

(a) 0cm                                (b) 10cm 441 
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 442 

(a) 20cm                                (b) 40cm 443 

 444 

(a) 60cm                                (b) 80cm 445 

Fig. 6 Water quality concentration change rate under different scheduling scenarios. 446 

The column represents the water quality concentration (the water quality concentration 447 

with sluice were in the top of abscissa, the water quality concentration with no sluice 448 

were in the below), the broken line represents the water quality concentration change 449 

rate. 450 

The water quality concentration change rate reflects the influence degree of dam 451 

and gate construction on the migration and transformation process of pollutants in water 452 

body. According to the calculation results in Fig. 6, the concentration change rate of 453 

sediment phase ON were largest, the concentration change rate of suspended phase ON 454 

were less than that with no sluice at some time point in different opening degrees, while 455 
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the water quality concentration change rate of other phases were relatively stable and 456 

basically positive. For sediment phase ON, the adsorption, desorption, sedimentation 457 

and resuspension were mainly considered owing to the limitation of simulation time. 458 

From the water quality concentration change rate in the upper section we could see, the 459 

suspended phase ON carried by water flow were blocked in front of sluice owing to the 460 

influence of upstream water inflow and the sluice barrier, and the concentration of the 461 

sediment phase ON increased accordingly with the suspended phase ON entering under 462 

sedimentation. The water body in the lower section was relatively static and stable due 463 

to the barrier of sluice, the sedimentation and resuspension basically maintain a balance, 464 

the suspended phase ON sedimented to sediment phase were small, and the 465 

concentration of sediment phase ON increased slowly compared with the upper section. 466 

When the gate kept a small opening to discharge, substrates in the upper and lower 467 

sections were disturbed by flow, the concentration of sediment phase ON decreased 468 

slightly compared with that when gate closure, which indicating sediment phase ON 469 

gradually transformed into suspended phase under the action of current scour. When 470 

the gate maintained a large opening, the action of current scour of water flow to 471 

substrates were enhanced, the sediment phase ON entered the water body quickly under 472 

resuspension. and the opening was larger, the concentrations increased slower, which 473 

indicating the gate opening is larger, the resuspension is stronger. 474 

For the suspended phase ON, the adsorption, sedimentation and resuspension were 475 

mainly considered. During the whole simulation period, the water quality concentration 476 

change rate appeared negative for many times, which indicating the combined action of 477 
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adsorption and resuspension was less than sedimentation, especially when gate closure. 478 

After gate was opened, the substrates in the lower section were disturbed by the 479 

discharge water, the sediment phase ON were transformed into suspended phase ON by 480 

resuspension. With the increase of simulation time, the suspended phase ON returned 481 

to sediment phase under sedimentation. The difference is the decreasing rate of the 482 

suspended phase ON concentration under different scheduling methods. 483 

The ammonification, nitrification and assimilation nitration reduction in the 484 

transformation process as well as the adsorption and desorption between dissolved 485 

phase ON and suspended phase and sediment phase were considered. For ON, it was 486 

piled up in front of sluice when gate closure, After the gate opening, the concentration 487 

in the upper section significantly decreased compared with gate closure with transport 488 

to lower section through water flow, and the concentration in the lower section 489 

increased compared with gate closure with the upper section ON entering and the 490 

sediment disturbing by discharge water which made resuspension was enhanced. For 491 

NH3-N and NO3-N, the concentration in the upper and lower section gradually 492 

decreased with time when the gate opening was 80cm, while the concentration increases 493 

first and then decreases with time when the gate opening was others. The concentration 494 

changed little before 9:00 on July 7, which indicating the ammonification, nitrification 495 

and assimilation nitrate reduction had basically reached an equilibrium state. The 496 

concentrations changed significantly after 9:00 on the 7th, and reached the maximum 497 

values respectively at 19:00 on the 7th, which indicating the ammonification and 498 

nitrification were relatively strong, made the concentrations of NH3-N and NO3-N 499 
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increase. In addition, according to the ON simulation results, the maximum values in 500 

the upper and lower sections were reached at 19:00 on the 7th, and the concentration of 501 

NH3-N gradually increased under ammonification, the concentration of NO3-N also 502 

gradually increased under nitrification. 503 

3.3 Identification of dominant driving mechanism 504 

Based on the results of water quality concentration change rate calculated in Fig. 505 

6, the contribution ratio of various reaction mechanisms in the upper and lower reaches 506 

of sluice to water quality concentration change were further analyzed, and the main 507 

reaction mechanism was identified accordingly. The contribution ratios of each sub-508 

reaction process were calculated according to the equation (6) and the dominant 509 

strengths were also discerned. The results are shown in Fig. 7. 510 
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Sedimentation Resuspension 

Fig. 7 Identification of the dominant driving mechanism in each scheduling scenario. 511 

According to the occurrence state and the transformation relationship between 512 

phase states of nitrogen element in water, the main reaction mechanisms involved in 513 

nitrogen element migration and transformation were classified into dissolved phase–514 

dissolved phase, dissolved phase–suspended phase/sediment phase, and suspended 515 

phase–sediment phase, and the classification results were shown in Fig. 7. The main 516 

reaction mechanisms of dissolved phase–dissolved phase include ammonification, 517 

nitrification and assimilation nitrate reduction. According to the calculation results in 518 

Fig. 7, the dominance of assimilation nitrate reduction was stronger than 519 

ammonification and nitrification when gate closure and the opening was small, the 520 

concentration of NH3-N and NO3-N were maximum, the amplitude of variations were 521 

maximum, and the water quality concentration change rate were also the largest 522 

compared with that with no sluice. The dominance of ammonification and nitrification 523 

were gradually strengthened and assimilation nitrate reduction was weakened when the 524 

gate opening degree reached a large opening, which made ON gradually transformed to 525 

NH3-N, the transformation amount of NH3-N to NO3-N gradually increased, and the 526 

variation amplitude of NH3-N and NO3-N concentrations gradually decreased. The 527 

strengths and weaknesses of dominance of the above three reaction mechanisms mainly 528 

related to the size of the dissolved oxygen concentration, gate closure made upstream 529 

water was replenished in the upper section, the dissolved oxygen concentration is larger 530 

than that in the lower section, the action strength of ammonification and nitrification in 531 

the upper section were stronger than that in the lower section, the contribution ratios 532 
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were relatively large, and the assimilation nitrate reduction was opposite. It was found 533 

that the dissolved oxygen concentration remains in a relatively stable state when gate 534 

keeps a certain opening (neither too large nor too small), can help to maintain the 535 

balance of NH3-N and NO3-N concentrations. 536 

The main reaction mechanisms of dissolved phase–suspended phase/sediment 537 

phase include adsorption and desorption. The adsorption mainly means suspended 538 

phase and sediment phase adsorbed from dissolved phase, and the desorption mainly 539 

means sediment phase desorbed to dissolved phase. According to the simulation results 540 

in Fig. 7, the action strengths of adsorption and desorption in the upper section were 541 

higher than that in the lower section, and the adsorption and desorption reached a 542 

relative balance when the gate opening was between 20 cm-40 cm. When gate closure, 543 

the dissolved phase ON concentration increased rapidly because of ON being carried 544 

by upstream water accumulated in the upper section, adsorption had a very strong 545 

dominant to the increased concentration of suspended and sediment phase. With the 546 

increase of gate opening, pollutants carried by release of water entering in the lower 547 

section simultaneously, release of water also caused disturbance to upper section, which 548 

making desorption gradually increased. With the gate opening continued to increase, 549 

the contribution ratio of desorption became more and more big and the dominance 550 

gradually increased because of release of water caused disturbance and scour to water 551 

body more serious, but the maximum value of contribution ratio less than adsorption 552 

from beginning to end, which caused a decline in dissolved phase concentration and 553 

sediment phase concentration increase slowly to some extent. 554 
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The main reaction mechanisms of the suspended phase–sediment phase included 555 

sedimentation and resuspension. According to the calculation results in Fig. 7, the 556 

maximum contribution ratio of the upper section was always smaller than that of the 557 

lower section for sedimentation and resuspension, which indicated water disturbance 558 

had a significant impact on settlement and resuspension. Some research finding that the 559 

critical flow rate of sediment phase resuspension was about 0.2m/s (Dou et al, 2014), 560 

while the water flow in the simulation period was small and the flow rate was basically 561 

below the critical flow rate, which is the reason why the contribution ratios of 562 

sedimentation were larger than that of resuspension. According to the simulation results 563 

we also found that the contribution ratios of resuspension were greater than that of 564 

sedimentation when the gate opening was 40cm, and resuspension began to play a 565 

dominant role, which was conducive to pollutants migration. In summary, the increase 566 

of nitrogen content was effectively inhibited and the risk of nitrogen pollution was 567 

reduced when the gate opening of Huaidian gate was about 40 cm. 568 

4 Conclusion 569 

The process of water quality multiphase transformation is complex under sluice 570 

scheduling. State equations that describe material migration and transformation were 571 

proposed after analyzing the characteristics of water quality multiphase transformation 572 

under the effect of sluice scheduling, and the water quality multiphase transformation 573 

model considering the effect of sluice scheduling was constructed. Then the model 574 

parameters were calibrated and the model was verified with the measured data to 575 

simulate the water quality concentration in different phases under different scheduling 576 
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scenarios, and the water quality concentration change with sluice scheduling and the 577 

influencing factors that cause such changes were also analyzed. Then, the water quality 578 

concentration change rate was calculated with the comparison of the simulation results 579 

in different scenarios and the results with no sluice, in order to quantitatively assess the 580 

effect of sluice scheduling in the water quality multiphase transformation process. The 581 

contribution ratio of different reaction mechanisms can be further calculated to identify 582 

the dominant driving mechanism in the water quality multiphase transformation process, 583 

which can provide reference and basis for maximizing the effect of sluice in improving 584 

and protecting water ecological environment. However, as the analysis of the dominant 585 

mechanism of water quality multiphase transformation is in its initial stage of research, 586 

there were some limitations encountered, which need to be studied further. 587 
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