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Numerical simulation on nitrate leaching at field scale during the growth of

winter wheat

MA Jun-Hua'?, REN Li"?* (1. Department of Soil and Water Sciences, China Agricultural University; 2. Key Laboratory of
Plant-Soil Interactions, MOE, Beijing 100094 ,China). Acta Ecologica Sinica,2004,24(10):2289~2301.
Abstract: It is critical to understand nitrogen transformation and nitrate leaching at field scale for establishing agricultural
ecosystem. However, nitrate transport in soils is a complicated process, affected by physical, chemical, and biological
properties of the porous media, because of the spatial variability of soils. Mathematical model, which can provide essential
information to us, is a very effective and convenient tool to solve the problem on water quality degradation resulted from nitrate
leaching. In order to obtain more accurate simulation and prediction on nitrate leaching at field scale, we incorporated spatial
variability of soil hydraulic and nitrogen mineralization parameters in the model.

Field experiment was conducted in a 27 X 27m? plot (3m X 3m grid) in Yongledian, Tongzhou District, Beijing. Physical
and chemical properties. e.g. » texture, OM, pH. EC. were measured at all 100 grid nodes. Based on the assumption that the

field was composed of a number of non-interacting one-dimensional columns, nitrate-nitrogen leaching was simulated during the
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growing season of winter wheat. According to measured soil organic matter content, it was assumed that zero order
mineralization rate constant was appropriate to soil organic matter content and then its spatial distribution was obtained. Two
scenarios,» with and without considering spatial variability of mineralization rate, were incorporated in this study to assess the
impact of mineralization on N leaching at the depth of 250cm. By HYDRUS-1D software, N transformation, soil water
percolation, and nitrate leaching at the depth of 250cm were simulated at each sampling point. The results showed that there
was little difference between nitrate leaching with and without considering spatial variability of mineralization, but some
transformation terms and N uptake were much different. The average soil water percolation and nitrate leaching at field scale
were 2. 25mm., 0. 00984 mg/cm? (CV > 1. 46) respectively. Results of Geostatistics showed that semi-variance of water
percolation and nitrate leaching amount can be described by pure nugget model. Spatial variability of mineralization mainly
affected mineralization, immobilization &. denitrification, net transformation, and N uptake. Semi-variance of net
transformation and N uptake with considering spatial variability of mineralization can be fitted by spherical model and their
ranges were similar to that of organic matter (about 4. 7m). In the other case, semi-variance of net transformation without
considering spatial variability of mineralization can be fitted by linear without sill model and there was no finite semi-variance.
Furthermore, the relationships between nitrate leaching and bulk density, Ks,0s, and « were obviously significant, and R*
were about 0. 65, 0.31, 0.22, 0.15 respectively.

This study provides a sight that nitrate leaching shows spatial variability at field scale because of spatial variation of soil
properties. Mineralization mainly affects nitrogen transformation, and shows less effect on nitrate leaching at the depth of
2. 5m. Geostatistics analysis showes that semi-variance of nitrate leaching amount can be described by pure nugget model. The
coefficient of determination between bulk density was highest (0.65). Therefore, further research is still needed to test the
results being obtained in this study under different conditions.

Key words :field scale; spatial variability; nitrate; mineralization; geostatistics; numerical simulation; winter wheat
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2000 10 ~2001 6 27 X 27m* 250cm
o 2000 10 5 ,2001 6 10 s 43mm, 2,
s s 4,
100
(1 o s 0,.0s.a.n  Ks, HYDRUS-1D
2 A , Perfect t21l,
Ao= A IO (10)
A, =—2.91 4+ 0.23¢, + 1. 276 an
A ( 3 A)sl, 1 27X27m? 100
WA, (1D (cm)f22t, Table 1 Statistical analysis on chemical properties in the 27X 27m?
[, 6cm,d, (kPa),b plot
( Yy (1D Perfect 6 ( Statistical parameters EC (pS/cm) pH OM (%)
414. 45 . .5
) 69 ( Gem, Mean 414. 450 8. 828 0. 581
_ (2] Standard deviation 127. 285 0.126 0.185
5. 3Tem) ’ cv 0. 307 0.014  0.319
Campbell Maximum 1520. 000 9.160  1.500
) van Genuchten , Minimum 309. 000 8.300  0.280
Sk 6.994 —0. 605 2. 200
0,=0, ¢=1/ab=1/(n—1), L, cm, ewness ?
R Kurtosis 58. 834 2.896 8. 350
2. 1dem?/d"™,
2 27X27m? 100
Table 2 Statistical analysis on texture and bulk density in the 27 X 27m? plot
%) %) %)
. . . (g/cm®)
_ Sand Silt Clay .
Statistical parameters Bulk density
2~0. 05mm 0.05~0.002mm <Z0. 002mm
Mean 45.491 40. 021 14. 488 1.494
Standard deviation 9.562 7.180 3. 665 0. 065
cv 0.210 0.179 0.253 0.043
Maximum 69. 340 54. 040 26. 860 1.652
Minimum 24.180 20. 800 7. 380 1. 303
Skewness 0. 088 —0. 350 0. 540 0. 308
Kurtosis —0. 484 —0. 258 0.468 0.219
3 27X27m? 100
Table 3 Statistical analysis on hydraulic parameters and dispersivity in the 27 X 27m? plot
0, Os a Ks A
Statistical parameters (cm?®/ cm?®) (cm®/ cm?®) (1/cm) " (cm/d) (cm)
Mean 0.0488 0. 3707 0.01448 1. 48154 19. 3315 36. 7333
Standard deviation 0. 0076 0.0162 0.00658 0. 05770 10. 1855 11.0481
cv 0. 1560 0.0436 0. 4548 0.0389 0.5269 0. 3008
Maximum 0.0693 0.4038 0. 04159 1. 62185 52. 2830 63.2637
Minimum 0.0354 0. 3249 0. 00617 1. 36324 3-9239 8. 9834
Skewness 0. 46406 —0.40837 1.25912 0.31769 1. 2401 0.1771
Kurtosis —0. 24070 —0. 04364 2.17412 —0. 58081 1. 3321 —0. 2870
(3) : (1—n) X0.91, :(1—n) X0.09,
n ul, 0~ 30cm , , tsd,
s s 30~60,60~100,100~250cm
0~30cm 1/2.1/4,1/8. . N :0.46,0.6,1.0x4.18
J/(Cl’n3 . (\/)726-‘0 > ’ 1)
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(297 Table 4 Irrigation and fertilization of winter wheat
’ ’ ’ . ('mm) (kg N/hm?)
Date Irrigation .
N . Fertilization
. 2000-10-05 75 75
P 2000-11-26 75
W
_ 2001-03-14 60 45
2 2001-04-17 60 45
o 2001-05-14 60
)
b b b
s . (OM) k),
k=k(OM/OM), k )
b . .
, bl ; 0~30cm  30~60 cm ,60~100
cm , 5 100~250 cm s s
5 0~100cm f o
Myrold Tiedje ( . ) 20C),
0.6~1.5 mg/(kg « d) $1J; Nishio (Andosol Brown) 0~ 10cm (
40%,60%  55%) (20C), 2.64.4.00.1. 96 pg/(g » d)F;Stenger
(25cm) (21C)H, 0.25~0.72mg/(kg * d) 331, Ramos
Carbonell LEACHM , 0~30cm 30~60cm 2 B, ,
@O 0~30cm,30~60cm 60~100cm 1.0,0.5.0.10mg/ (kg « d); k=k(OM/OM)
@ 0~30cm  30~60cm s 0.48~2.58  0.24~1.29mg/(kg + d),
Ramos  Carbonell ,0~30cm, 30 5
~ 60cm 60 ~ 100cm 0. 005, 0. 002, Table 5 N transformation rate constant in different soil layers
0.0001 d7'®*Y; Myrold  Tiedje
) a (ecm)  (mg/(kg * d)) a1/ d 1/ d
—~ 1031] [35 [7]
0. 0001~0. 004 d ° ’ ’ ' Soil layer ~ Mineralization ~ Immobilization Denitrification
[36] R rate const. rate const. rate const.
5, 0~30 1.0 0.02 0.003
30~60 0.5 0. 005 0. 001
60~100 0.1 0.001 0. 0001
’ ’ 100~250 0. 0001




2294 24

HYDRUS-1D Arrhenius bl
ap = a,exp |:}447“ ([iz;:]:{ 2 :| 12)
La, s ar T3 e iR, , E,
. E. . . ,
Arrhenius E, , . Stenger , Arrhenius
. E, 57142. 1 ]J/mol™, (3] NO.,NO, N;O
E. 68576. 3 J/mol, , .
E, 41900 J/mol™,
5 Feddes s HYDRUS-1D el
0. Img/cm?, Lol 120cm
o, , 120cm . ;
s HYDRUS-1D s o
(6) 60%~70%"7, b, 70%
. 2m ( - )
0~2m s :1999 2m 27.9 mg/L,2000
54. 8 mg/LM, , Ll 40mg/L
4
4.1
P 249d, : s
s s 250cm s s , s s
, : 6~ 8,
6 N N
Table 6 Evaporation, transpiration. evapotranspiration and water percolation during the growthing season of winter wheat
(mm) (mm) (mm) (mm)
Statistical parameters Evaporation Transpiration Evapotranspiration Water percolation
Mean 145.22 205.72 350. 94 2.25
Standard deviation 3.8164 1.7757 2.6194 3.5446
cv 0.0263 0. 0086 0. 0075 1.5741
Maximum 151. 20 208. 00 354. 20 21.00
Minimum 130. 20 201. 00 338. 20 0.02
Skewness —1.0203 —0. 8129 —2.1051 3.0332
Kurtosis 1. 7158 —0. 0340 6. 2911 10. 6808
7 250cm

Table 7 N leaching flux, total N leached amount at the depth of 250cm in soil, N transformation and N uptake without considering spatial

variability of mineralization rate

, , , ( >m?) ; ;
N (mg/(cm? + d) (mg/cm?) (mg/cm?) mg/cm (mg/cm?) (mg/cm?)
Statistical parameters . ) . . o Immobilization and .
N leahing Flux total N leaching ~ Mineralization o Net transformation N uptake
denitrification
Mean 1.14x10°1 9.85X10 % 1.97 —1.66 0. 31 1.29
Standard variation 1.27X10"* 1.44%x102 0.1543 0. 0969 0.0711 0.0293
Ccv 1.1206 1.4625 0. 0785 —0. 0584 0.2308 0.0227
Maximum 7.19X10°* 8.53X 10?2 2. 47 —1.43 0.57 1.39
Minimum 3.68X10°7 9.40X10° 1. 60 —1.94 0.13 1.21
Skewness 1.7872 2.9222 0.6224 —0.6038 0. 8954 0. 2556
Kurtosis 4.5145 10. 0677 0. 7396 0. 4479 1. 8381 0. 8410

6 : s Feddes s
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Table 8 N leaching flux, total N leached amount at the depth of 250cm in soil, N transformation and N uptake with considering spatial

variability of mineralization rate

, (mg/cm?) ) )
. (mg/(cm? » d)) (mg/cm?) (mg/cm?) o (mg/cm?) (mg/cm?)
Statistical parameters K X X o Immobilization and X
N leahing Flux total N leaching Mineralization o Net transformation N uptake
denitrification
Mean 1.14x10* 9.84Xx10° 1. 96 —1.66 0. 30 1.28
Standard variation 1.27X10* 1.44X10°?2 0.5829 0.2543 0. 3335 0.1513
cv 1.1205 1.4624 0.2969 —0.1532 1.1000 0.1180
Maximum 7.19X10* 8.53X102 4.42 —1.21 1.78 1.91
Minimum 3.68X10°7 9.40X10°° 0.96 —2. 64 —0.25 1.01
Skewness 1. 7860 2.9224 1.5940 —1. 3856 1.7062 1.4642
Kurtosis 4.5074 10. 0724 4.2170 2.9906 5. 0250 4.0413
8 ’ b
250cm
E—» 25
b b E : 20 [
) B2 s
s 250cm b a2
e
5L
9 . 4
1 g k]
. |
b b
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’ ’ 3 250cm
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Fig. 4  Spatial distribution of N leaching at the depth of 250cm in
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Table 9 Spatial distribution and semi-variances of soil particle size, bulk density, EC,pH and OM
(m)
Soil properties Distribution Model Nugget Sill Range SSQ
Sand Normal Spherical 59.52 91.12 11.31 286.56
Silt Normal Spherical 34.49 50.10 11.82 68. 90
Clay Normal Gaussian 9.10 14. 74 20. 31 4. 71
Bulk density Lognormal Spherical 2.67X10°° 4.39Xx1073 26. 26 2.18X10°7
EC Spherical 1359. 70 18736. 70 4.22 6.32X107
pH Normal Spherical 1.01x10°2 1.57X10 2 11. 96 9.00X10°6
OM Lognormal Spherical 3.66X10°5 3.94x10°2 4.77 1.46X101
11, 12 7. & s
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Table 10 Spatial distribution and semi-variances of soil hydraulic parameters and mineralization rate
(m)
Distribution Model Nuggent Sill Range SSQ
0, Normal Spherical 3.08X10°° 5.86X107° 10. 97 8.51x 101
Os Normal Spherical 1.44X 10714 2.43X10* 8.95 1.41%x107°
a Lognormal Spherical 3.07X10°° 4.18X10°° 13.96 3.24X10° 1
n Lognormal Spherical 1.60x10 3 3.39X10°3 7.70 5.37X10°7
Ks Lognormal Spherical 79.72 109. 34 18.57 400. 66
A Normal Spherical 74.35 127. 38 9. 85 904. 07
Ko Lognormal Spherical 5.29X10°° 0.12 4.77 1.28x10°°
Ko Lognormal Spherical 5.14X107° 2.92X1072 4.77 8.00X107°
11
Table 11 Some semi-variances about N without considering spatial variability of mineralization rate
Variable Distribution Model Nuggent Sill Range SSQ
Flux — Spherical 9.53X107% 1.58x10°8 4.28X 1018
N N leaching Lognormal Pure nugget 1.99X10% 1.99X10°* 0 1.02X107°
Net transformation Lognormal Linear without sill  2.66X1073 3.67X10°7
N N uptake — Spherical 2.72X107* 8.20x10°* 8. 09 2.46X10°8
B EWAH Calculated ~ —— #1444 Fitted
3 0.0004 -
Nkt N xR
N leaching flux N leaching
0.0003 |-
2 .
¥ s
= $ 0.0002 ——.l—l—l—.—.—.—-—l—
=
1 0.0001 |-
0 1 1 1 1 N— 0 i 1 1 1 ]
0 5 10 15 20 25 0 5 10 15 20 25
0.008 — 0.0015 ¢
BELR ¥ 5
Net transformation N uptake
0.006 |-
0.0010 ;-
n
) E)
T 0.004 |- =
0.0005
0.002
] 1 1 1 i 1 0 L I 1 1 J
0 5 10 13 20 25 0 5 10 15 20 25
I BE A (m)
7
Fig. 7 Semi-variances of N leaching and transformation without considering spatial variability of mineralization
4.3
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12
Table 12 Some semi-variances about N with considering spatial variability of mineralization
(m)
Variable Distribution Model Nuggent Sill Range SSQ
Flux — Spherical 9.52X10°° .58X10°8 7.63 4.28X10°18
N N leaching Lognormal Pure nugget 0. 000199 0. 000199 0 1.02X107"7
Net transformation Lognormal Spherical 0 0.1228 4. 68 0.001107
N N uptake Lognormal Spherical 0 0. 02525 4.69 4.51X107°
B WA Calculated —— HLAH Fitted
0.0004
3 NRXER N xR
N leaching flux N leaching
0.0003 -
& T
S oot 8l e
g - % n
=~ 1
0.0001
0 L 1 L 1 — 1 o 1 1 1 1 |
0 5 10 15 20 25 [ 5 10 15 20 25
02 0.04
ki kot
Net transformation uptake
= 0.03 - - n
- . ™
€ o1} " L omf u
=~ >
001
0 L 1 1 I ] 0 L ] I ] _|
] 5 10 15 20 25 0 5 10 15 20 25
M) FE A (m)
8
Fig. 8 Semi-variances about N with considering spatial variability of mineralization
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Table 13 Regression parameters between some parameters and water percolation and N leaching
( ) Water percolation(mm) N N leaching amount(mg/cm?)
Parameters
Equation R? Equation R?

Bulk density (g/cm?®) y=59814x 278 0.6420  y=294. 372 28003 0.6517

0,(cm? /em®) y=6X 106215941 0.2201  y=33286.,16 044 0. 2244
) = — 6317.92° 4+ 459.05x% — 9. 954x +
«(1/cm) y=—1X1002°+11134922—24122+16.861  0.1518 g 0700 * ot T 001575
/=5 X 10 %28 — 9 X 107625 + 0. 0006 — =2X10 50— 4 X 10 525+ 3 X 10 6 —1
Ks(em/d) o R, - * 0.3139 <7 * A ! 0.3115
0.02194%40. 381x?—2. 74552+ 6. 4379 X 10 ' 2% 4+0. 001622 —0. 01162+ 0. 0268
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