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Fig.1 Schematic diagram of phosphorus transformation and
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Note: In order to maintain the integrity of the catchment basin, in addition to
Heping Irrigation District, the map of basin also includes Laomo Irrigation
District on the northwest side of Hulan River.

B2 Aol KA E Ao B s 5
Fig.2 Location of Heping Irrigation District and
monitoring stations
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. VA AT A T A
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R FE X AN, T I 22 Y it 3k P O 22 3 o R S b, RHLR T 05260606 B IRHER—UOKIT BT
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Vi N N — . . . VRN ’ PRER T
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I~V JEE DX RN 55 A8 [X o A T I 22 T B o RS 3E [X b 4y Bt Peak tillering stage  06-19—07-08 ﬁ@iﬁrf ;Ez f‘ﬁf&zl 05~
HIAABRON 127°17'~127°49'E, 46°34'~47°07N. K% LR, 4YBEAR I Later tillering stage  07-09—07-15
T A I T R AR KR R R R, X 2 AT {15278 Booting stage  07-16—08-01
BB /K 545.3 mm, AALIEEIFE 450~700 mm 2 [A], FF Headi HREITAE 08-02—08-14
B X . eading to flowering stage
IKEBRAE N 7 EEAN S, 23 (8] 70 A #3502 i 2R b ) v pg 0 FLEM Milky ripening stage  08-15—08-27
Mo ZXZEKREMIENT OGN, 2K M Yellow ripening stage  08-28—09-20

5K N 664.5 mm.
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Table 2 Properties of farmland soil in Heping Irrigation District

X R URLZH A Particle composition/% T B S HHLF Rk
Controlarea <0002 mm  0.002~0.02 mm 0.02~0.05 mm  >0.05 mm Soil texture Total nitrog?n(TN) Total phosphfl)rus(TP) Organic Effectivg 1iron

Ngkg) Ngkg) 1% Agkg™)
—HE Istditch  11.25+1.83 36.70+3.64 29.74+449 223141055 it 1.584+0.33 1.08+0.37 6.20 802
—HE 2nd ditch  11.06+0.68 44.06+3.18 25.66+2.56  19.22+5.42 W+ 1.7340.38 0.75+0.16 6.66 198
=4 3rd ditch ~ 11.80+1.79 42.93+2.68 27.62+298  17.65+6.83 FrigE+ 1.8240.22 0.96+0.14 4.65 151
PUHE 4th ditch ~ 11.40+1.78 40.55+1.48 30.35+224  17.70+5.57 gt 1.44+0.16 0.86+0.13 471 436
TiHE 5thditch  10.95+0.79 42.8342.75 31.544+220  14.68+2.41 i+ 1.30+0.40 0.94+0.22 4.68 136
75HE 6th ditch  12.10+0.71 39.87+1.79 30.58+3.61 17.45+5.38 i+ 1.7140.04 0.93+0.15 4.67 251
-+ HE 7th ditch ~ 11.65+0.07 40.26+1.54 32494202  15.601+2.83 W+ 1.581+0.14 0.80+0.03 4.01 368
J\HE 8th ditch  12.22+0.72 37.51+1.34 33.69+139  16.58+2.14 MiEL 1.34+0.20 0.87+0.20 3.19 133




520 3

WRBIUSE T IR 8 70 J2 (0 BRI X T e Y 21

3 H=ENA

3.1 EEMESHIERE

TE DX AR5 G R R F i S v s AR (DEMD
& SRTM 90 m F&ZHIE (B 3a) . 158 GIS “F&HRE
DEM =2 KA T burn-inPYThBEAE 5 S E X SEFRIE &
LTI, KR DI IR S il X 2 e &4 Y1 DEM
b, AREFRITE TS B AR ARAS, TR A A 1 F
TEAL B IS BE ORI I —ANUIMEL, 0 K] BT ZE AR A
JE TS 2 B BR34BT 3 T WA POV K R F0 384
W, PEREIEREEHERRERE . EHRIFRA 2010 FE
T AR BRI AR B (B 3b) o 38R A K 7

A I

" fF4RElevation/m

o Land use type
o =iHigh : 224 -?ﬁ Plowland
- . R F orest
024 8 1216 fLow: 157 R
. 5 [ HbResidential land

a. MR

a. Elevation

b. HF AT

b. Land use map

HCRHERT 10100 5 RIS IAEAE, R A EE DR AR
HATIEIE (K 3c) .« HRREEAEEGE 5\ ARCSWAT #%
PERI Gy /K SO RN BRI, A3tk o 64 AT
Wi (E3d) o NERFRL KIS, BRI X AL,
DEM K iidsl kil o i G 3% 7 0 2= 30] ph AL g 95 B X (AL
Bl 2 A 3D, AHARHIF T8 250408 4 A A 2 01 X ABEAUL 4R
KEHHER B BT A KB AL R e R Rk BTk,
Bl Z A A 2000—2018 4F,  Hidi FEAFEIZE H 1K)
WEE, S RE SRR BICR. oK. MR,
G AN H BRI 505 . ghah, FITRE XRS5 R A
G/ N S Guk ) 2015—2018 FEHHE. HEX & TR
VEE TR S ) FH RT3 [X VR AR E TR B RO o

A :
Soil type R
o R o black s gl
- . i % >
-%@Jmﬁ&%u”w‘ TR
= K -1-Paddy soil Subbasin boundary
JH[YfiRiver

4 5 /KA 1 Submerged paddy soil

c. RHERALE
c. Soil type map

d. TRy
d. Subbasin map

B3 fobilt XBEF JARA 09 ok SR T iR X 4
Fig.3 Primary data and subbasins for phosphorus pollution model of Heping Irrigation District
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YIZHINBUR . NI RIS UE S R, FE
SHEEWER 3 Fiac. KA Nash-Suttcliffe 208 R %
(NSE) . RMSE Fl R* {f 5 R0 SR A FE b, AT
PRI IE X 1) /K SRR AR RO MR 40 T UL, 7K SCHSE
i) NSE. R*¥J KT 0.82, /KFHEELK) NSE. R* KT
0.81, FAMMERE A EETUAZ P, 25 RE B AR+
M FH A, BERACR KT 0.8 BN AR DA
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Table 3  Calibration results of model parameters

eS| SRR SRk e
Category ~ Name of parameter Description of parameter Value
K. URZES 3 0.83~1.2
P CN FE7K AR i 2% 84
7 7K AR it 2k %L
Runoff n SRUIETCL T
0.018
I LHKZEABIER, mmd! 2/0.1/2
Ko FRZEMAY, md! 0.185
Kip KHEERAL, md 0.161
Tion Bt RYL md! 0.002
Sk TP
w2 RBEE, md’ 0.126
Ke T BRI R L, d 0.4
K4 AL &R AR, 4 0.95

R4 REOKSOK AR RITFN
Table 4 Evaluation on performance of model hydrology and
water quality

Nash-Sutcliffe . .., .,
gy PERBL ypins

(BN AR & Nash-Sutcliffe Coefoﬁf 1ot Root mean
Modular  Simulated variable efficiency determination  SAuare error
coefficient cte ( Rz)a ° (RMSE)
(NSE)
50 FH 7K
Depth of 0.967 0.976 6.138 mm
experimental field
TR HHHEK I B
Discharge of 0.980 0.981 0.696 m*-h’!
IR experimental field
Hydrology — e
Discharge of 1st 0.820 0.815 0.064 m*-s!
ditch
LHRAE
Discharge of 7th 0.861 0.877 0.018 m*s™
ditch
T FH S
TP concentration of 0.811 0.821 0.036 mg-L"!
experimental field
KI5 —HE I
Water TP concentration of 0.890 0.930 0.189 mg-L™
quality Ist ditch
LHEE R
TP concentration of 0.826 0.910 0.056 mg-L"
7th ditch
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3.3 EXBSEAIRMG T

FEIX 2018 45 5—9 H 7KHE H B8 = th 7y AR 48 X 35k
P 7K A A HEZK SRR P I AR, B R g S O A
RIS RSB R E SRR E T HEER, JEELS
A E BB NS &, Wk S FrR. BRI
P 7 R AR U G 4 O 0.85 kg/hm® A
0.60 kg/hm®. 73 BE I T P4 W9 5 0B 4 1 Summr e ok, 401
AU RHEKE 2, (G o BEHEK R, Hik
W, A U oy BE /N o o AR E EATEHEK
B H A BEH S R B A B R, A
0.11 kg/hm* 1 0.16 kg/hm®. =5 B iy -5 AR AN L it AT
SE KR E R S TR KRG AR B W HE K RS
TR BB A 1.88 kg/hm?®, £ it JIE R VEE 0 a1
5.7% & R BEHIK SR H R HK f 6 B
o 7 far B HEVA AR i tH AT a9 BR . B AT DR
THE DX —HEAT DU HESy H BB R AT S R K, A 1.40 ¢
A1 1.39 to X AEPRY—HERI DY HE R ST AR, K AR
ReBZ, 53 KT HRHKSO .

w5 KFEEFHIRBAVEN G H T
Table 5 Balance of phosphorus input and output during
growth stages of rice kg-hm?

LR fis
A VEY
Phosphorus  Mode of Ponding Reviving Tillering Heading

; - - FLHgY R
VU RTE 4EEY R ;m@ Vellow Bl

ripening ripening Total

balance  inputand stage  stage  stage  stage stage  stage
output
)I.E.HE . 0 12.5 0 0 0 325
Fertilization
TN ey
Phosphorus 1% 035  0.15 0 0 0 0 050
input Irrigation
it
2035  0.15 12.5 0 0 0 330
Summary
1A HE
FERAK 0 0 085  0.60 0 0 145
Runoff
B
osphorus 0.11 0.06 016 006 002 002 043
output Leakage
it
0.11 0.06 1.01 066 002 002 1.88
Summary
B AR R HEK S 15 TP load in runoff from paddy fields
KA 4% 175 S £ 77 TP load in leakage from paddy fields
2.51 B2 HFIA i H S8 6143 TP load to ditch end

SR TP load/t

e H =HE M BHE S G
Ist ditch 2nd ditch 3rd ditch 4th ditch 5th ditch 6th ditch 7th ditch 8th ditch

#1il IX 3 Controlling area

B9 AP 2018 F 5—9 A BHeK LA A=
K 55 i 74
Fig.9 Phosphorus load of each ditch and controlling
subarea in Heping Irrigation District from May to
September, 2018
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IKFEHE X K EARK AR

2) MBIt FEREX 2018 450 H 438K
UK ZEHE KR S8 Sy I HEK IR B SR P8 ok A X A
R AT R 2 5L, A3 HAAKE. HK. —Hfmt
HEAR R B AR F8 AR Nash-Sutcliffe 20 250051~
0.967. 0.980. 0.820 1 0.861, wkiE RZE5HIH 0.976.
0.981. 0.815 1 0.877; RI&H . —HF-CHEHE KB
FEILBORTE bR Nash-Sutcliffe 0% 2% %4 0.811.
0.890. 0.826, HLiE RZE 774 0.821. 0.930. 0.910, Fr
BHEAHRT 0.81, BHUBCERRLF, RFZBEAEH T
PAZKFE R LR 1 R REX

3) ARFEAILAIE XK SOKBUS RETHE TBANEE 1
e FE B N B o S & HE K SOV i A AT 4 BESTIRIAR T
ZA A A 4 B0 0.85 0.60 kg/hm?, il FH YTAN
Sy BEVA IR B S T R, 40 0.114 0.16 kg/hm’.
IKAG A B a8 I HE K RIS TR L 2 (R B3 24 o it S AR
AN 5.7%. o, JE DX —HERT DU HES B (1) 57 A 2
<8 N

(& £ 3 Wkl
(1] ZPREL VR, SRR VBl A Gt o o 5

FASEBI[T). PREERMEZEH, 1997, 17(2): 12-18.

Li Huai'en, Shen Jin, Liu Yusheng. The establishment and

case study of the model for nonpoint source pollution for

watershed[J]. Acta Scientiae Circumstantiae, 1997, 17(2):
12-18. (in Chinese with English abstract)

(2] Falbd, T, EFH, S FEE ARG FIRRE

SIMTI. Ak TR, 2019, 35(10): 164-172.
Tao Yuan, Wang Shaoli, Guan Xiaoyan, et al. Characteristic
analysis of non-point source pollution in Qinghai Province[J].
Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2019, 35(10):
164-172. (in Chinese with English abstract)

[3] Neitsch S L, Arnold J G, Kiniry J R, et al. Soil and water
assessment tool theoretical documentation, Version 2000:
TWRI Report TR-191[R]. Texas: Texas Water Resources
Institute, College Station, 2002.

[4] Wu D, Cui Y, Xie X, et al. Improvement and testing of
SWAT for multi-source irrigation systems with paddy rice[J].
Journal of Hydrology, 2019, 568: 1031-1041.

[S] Ouyang Y, Higman J, Hatten J. Estimation of dynamic load
of mercury in a river with BASINS-HSPF model[J]. Journal
of Soils and Sediments, 2012, 12(2): 207-216.

[6] MK, SKMSK, PERHL, & ANE RO E 2K
TSR RS B A B SE A )], A0l TRE2A 4R, 2015,
31(22): 240-249.

Geng Runzhe, Zhang Pengfei, Pang Shujiang, et al. Impact of
different climate change scenarios on non-point source
pollution losses in Miyun Reservoir[J]. Transactions of the



%520 # MR B LSS

e T IERIOA D JR (11 SR K A VE DX S Gepii Y 25

[12]

[14]

Chinese Society of Agricultural Engineering (Transactions of
the CSAE), 2015, 31(22): 240-249. (in Chinese with English
abstract)

Armold J G, Williams J R, Nicks A D, et al. SWRRB: A
Basin Scale Simulation Model for Soil and Water Resources
Management[M]. College Station: Texas A&M University
Press, 1990.

Perrone J. Hydrologic Modeling of an Agricultural
Watershed in Quebec Using AGNPS[D]. Montreal: McGill
University, 1997.

BRRLIG, BRMAE, BRE, % HURARLgY LR A R
B XHE A VD B AnnAGNPS BT, ARk T2
2%, 2016, 32(8): 127-135

Zhong Keyuan, Chen Xingwei, Chen Ying, et al. Simulation
of effects of topography and soil/land use spatial aggregation
yield and runoff using AnnAGNPS[J].
Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2016, 32(8):
127-135. (in Chinese with English abstract)

F, Dillaha T A. ANSWERS-2000: Non-
point-source nutrient planning model[J]. Journal of
Environmental Engineering, 2000, 126(11): 1045- 1055.
Ahmadi S H, Amin S, Keshavarzi A, et al. Simulating
watershed

on sediment

Bouraoui

outlet sediment concentration using the
ANSWERS model by applying two sediment transport
capacity equations[J]. Biosystems Engineering, 2006, 94(4):
615-626.

iR, ki, JER, % SWAT BARE KRS X 11 i
BERRIWTIE[I). KHREIRENSE, 2010, 28(7): 18-22.
Shi Yuzhi, Zhang Chi, Zhou Huicheng, et al. Development
and application of SWAT Model to paddy district in
watershed scale[J]. Water Resources and Power, 2010, 28(7):
18-22. (in Chinese with English abstract)

KEE, 2oLk, #R, A SOER) SWAT BRLAE T [
DXHIRLA ). AKHMZE4R, 2011, 42(1): 88-97.

Zheng Jie, Li Guangyong, Han Zhenzhong, et al. Application
of modified SWAT model in plain irrigation district[J].
Journal of Hydraulic Engineering, 2011, 42(1): 88-97. (in
Chinese with English abstract)

BISCRL, 2ok, BRAENE, 5. UnREX AV TS 2
G RL R R S IAIE[T]. R BRI 24, 2015,
20(2): 207-215.

Hu Wenhui, Li Guangyong, Guo Yajie, et al. Construction
and verification of an empirical model for agricultural
nonpoint source pollution in the Fenhe irrigation district[J].
Journal of China Agricultural University, 2015, 20(2):
207-215. (in Chinese with English abstract)

RO, AURE, TRRSCR, S VLR E BRI K
ST AT T R AR AL B L)), R TR AR,
2020, 36(2): 245-254.

Xu Baoli, Dai Junfeng, Yuchen Wenjiong, et al. Responses
of nitrogen and phosphorus emissions to water and fertilizer
management and underlying surface property changes in
Lijiang River Basin[J]. Transactions of the Chinese Society
of Agricultural Engineering (Transactions of the CSAE),
2020, 36(2): 245-254. (in Chinese with English abstract)

[16]

[17]

[18]

[19]

[21]

[25]

[28]

s, EATRAD, K MR RS IR I HESON 2 i
AR KBTS e A T [I]. A TREZEHR, 2019, 35(16):
225-232.

Hao Shouning, Pubu Ciren, Dong Fei. Analysis on
spatial-temporal evolution of livestock manure emission and
pollution load of cultivated land in Nyingchi[J]. Transactions
of the Chinese Society of Agricultural Engineering
(Transactions of the CSAE), 2019, 35(16): 225-232. (in
Chinese with English abstract)

ZFe. JLT HSPF AR /K SOKFUL R 7E-- LA
FRIECABID]. MR MRS, 2013

Li Yan. Study on Hydrology and Water Quality Process
Simulation Based on HSPF Model: A Case Study in
Zhongtianhe Watershed[D]. Nanjing: Nanjing
Agricultural University, 2013. (in Chinese with English
abstract)

Yan R, Gao J, Huang J. WALRUS-paddy model for
simulating the hydrological processes of lowland polders
with paddy fields and pumping stations[J]. Agricultural
Water Management, 2016, 169: 148-161.

Djaman K, Rudnick D, Mel V C, et al. Evaluation of
simplified forms of the FAO-56 Penman-
Monteith reference evapotranspiration model in a humid
climate[J]. Journal of Irrigation and Drainage Engineering,
2017, 143(8): 06017005.

Bres, HRZRE, ROF). ARIEFE X B R H 38K T
BRI AU]. KRR, 2018, 49(8): 1017-1026.
Yang Xia, Shao Dongguo, Xu Baoli. Indoor experiment and
simulation of soil water two-dimensional movement of the
paddy fields in the northeast frigid of China[J]. Journal of
Hydraulic Engineering, 2018, 49(8): 1017-1026. (in Chinese
with English abstract)

van Genuchtem M T H. A closed-form equation for

River

valiantzas’

predicting the hydraulic conductivity of unsaturated soils[J].
Soil Science Society of America Journal, 1980, 44(5):
892-898.

Borah D K. Sediment Discharge Model for Small
Watersheds[J]. Transactions of the ASAE, 1989, 32(3):
874-880.

Di Toro D M. Sediment Flux Modeling[M]. New York:
Wiley-Interscience, 2001.

Roelcke M, Han Y, Cai Z, et al. Nitrogen mineralization in
paddy soils of the Chinese Taihu Region under aerobic
conditions[J]. Nutrient Cycling in Agroecosystems, 2002,
63(2/3): 255-266.

Huang L, Fang H, Reible D. Mathematical model for
interactions and transport of phosphorus and sediment in the
Three Gorges Reservoir[J]. Water Research, 2015, 85:
393-403.

Stumm W, Huang C P, Jenkins S R. Specific chemical
interaction affecting the stability of dispersed system[J].
Croatica Chemica Acta, 1970, 42(2): 223-245.

HUSE, 5, SO, . KRR AR A B
PR SRR, E& KEBRM]. 5. o+
PR Ak, 2000.

Zhang J, Zhou X, Chen L, et al. Comparison of the
abundance and community structure of ammonia oxidizing



26 gl TREZAR Chttp://www.tcsae.org) 2020 4E

prokaryotes in rice rhizosphere under three different [31] #EEE. WERAEIZEM]. dbat: BEhhd:, 2015.
irrigation  cultivation  modes[J]. World Journal ~of [32] Pu J, Wang S, Ni Z, et al. Implications of phosphorus

Microbiology & Biotechnology, 2016, 32: 85. partitioning at the suspended particle-water interface for lake
[29] xUiRdE, 5, BHha, . IAREERE TR Mg eutrophication in China’s largest freshwater lake, Poyang
B ME R [T]. Lo RS, 2015, 43(2): Lake[J]. Chemosphere, 2021, 263: 128334.
389-392. [33] &0, MUUETE, EMF, % JET SWAT BEALAF JRI W X
Liu Jintao, Huang Wanyong, Yang Shihong, et al. The IKSCIEFE A3 A BN [T]. Rk THREZH, 2013, 29(6):
Change law of dissolved oxygen in paddy soil under aerated 106-112.
irrigation mode[J]. Jiangsu Agricultural Sciences, 2015, 43(2): Li Shuo, Lai Zhengqing, Wang Qiao, et al. Distributed
389-392. (in Chinese with English abstract) simulation for hydrological process in Plain River network
[30] Berlin M, Suresh Kumar G, Nambi I M. Numerical region using SWAT model[J]. Transactions of the Chinese
modelling on transport of nitrogen from wastewater and Society of Agricultural Engineering (Transactions of the
fertilizer applied on paddy fields[J]. Ecological Modelling. CSAE), 2013, 29(6): 106-112. (in Chinese with English
2014, 278: 85-99. abstract)

Phosphorus pollution model for plain paddy irrigation district based on
soil microenvironment sub-stratification

Chen Minghong, Bai Lu, Liu Xuanye, Guo Jiansong, Wang Chaozi
(College of Water Resources and Civil Engineering, China Agricultural University, Beijing 100083, China)

Abstract: Non-point source phosphorus pollution generated from irrigated farmlands is one of the main causes of local and
regional eutrophication. However, current phosphorus pollution models either do not include the water movement in irrigation
and drainage process or do not consider the phosphorus transformation under the exchanging aerobic and anaerobic conditions.
Therefore, we developed a physically based phosphorus pollution model to quantitatively describe the water movement and
phosphorus fate and transport processes in irrigated paddy fields in plain areas. The simulation of the runoff yield in an
irrigation area was based on the water balance equations describing the water input and output of the paddy fields and the
motion wave equations describing the water movement in the drainage channel networks. The simulation of the excess
phosphorus yield was based on the convection diffusion equations and a phosphorus transformation model considering the soil
sub-stratification-the cultivated horizon was sub-divided into aerobic and anaerobic layers. In this way, the changes in
dissolved oxygen and the processes of phosphorus transformation in different soil layers caused by the alternating wet and dry
conditions could be quantitatively described in details. The phosphorus flux of diffusion, particle mixing and infiltration
between the water layer, the aerobic soil layer and the anaerobic soil layer were also quantified. The model was calibrated and
verified with the observed ponding water depth, drainage discharge, and phosphorus concentrations in the runoff and soil water
in one experimental paddy field and two typical drainage ditches in Heping Irrigation District, Heilongjiang, China in 2018.
The simulated drainage discharge and phosphorus concentrations of the experimental paddy field and the drain ditches agreed
well with the observations. The Nash-Sutcliffe efficiency coefficient (NSE) and coefficient of determination (R?) of the
simulated drainage discharge were greater than 0.820 and 0.815, respectively. And the NSE and R* of simulated total
phosphorus concentration were greater than 0.811 and 0.821, respectively. The simulated vertical distribution of the soil
soluble phosphorus obtained by considering the aerobic and anaerobic layers of the cultivated horizon were closer to the in situ
observation than the results obtained with the same model but do not consider the soil sub-stratification. Then, the verified
phosphorus pollution model was used to estimate the non-point source phosphorus pollution in the whole Heping Irrigation
District. The phosphorus loss through drainage and leakage during the growth stages of rice was 1.88 kg/hm?, which was about
5.7% of the phosphorus input from fertilization and irrigation. Among the 1.88 kg/hm® phosphorus loss, the phosphorus output
load of runoff at the tillering stage (0.85 kg/hm?), and the jointing and booting stage (0.60 kg/hm?) was the first and second
largest loss, due to rainfall washout of soil phosphorus. The loss by leakage output load was the second and first largest at the
soaking stage (0.11 kg/hm®) and the tillering stage (0.16 kg/hm?), due to the basic fertilizer and the early booting stage
fertilizer. For the whole Heping Irrigation District, the total excess phosphorus exported from the first ditch (1.40 t) and the
fourth ditch (1.39 t) were the first and second largest, due to their larger control area of the irrigation district. Overall, the
physically based phosphorus pollution model developed in this study included the water movement in irrigation and drainage
process, considered the phosphorus transformation under the exchanging aerobic and anaerobic conditions caused by the
alternating wet and dry conditions, and provided more accurate estimation of phosphorus fate and transport in irrigated paddy
fields in plain areas.

Keywords: water pollution; drainage; redox reactions; microenvironment sub-stratification; non-point source phosphorus
pollution; migration and transformation; irrigation district
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