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Table 2: The values of root mean squared error (RMSE) and mean bias error (MBE) when comparing observed
drainage water, soil water content and seasonal evapotranspiration with the simulated ones by HYDRUS2D

(Second growing season) ego Juas (First growing season) Js! s B bl
DI55 DI75 FI DI55 DI75 FI ;’bl (Parameter)
I
MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE D(sg:)“
0.72 0.61 05 0.36 0.13 0.03 0.75 0.65 0.12 0.2 0.2 0.1 0-20

091 079 055 042 009 00l 095 083 0.4 031 016 006 20-40 S
0.12 0.01 0.39 0.32 0.09 0.01 07 0.62 0.38 025 011 001 40-60 Drainage

water (mm)
0.1 0.01 0.15 0.02 0.09 0.01 0.37 0.22 0.6 0.45 0.11 0.01 60-80
42 2.1 25 1.18 0.89 1.18 0.81 0.71 0.53 0.43 11 0.8 0-20 o
0.55 0.48 0.58 0.38 1.2 0.38 0.92 0.7 0.58 0.44 1.2 0.85  20-40 Soil
0.63 0.43 0.68 0.48 0.8 0.48 0.7 0.6 0.7 0.51 0.85 0.78  40-60  Moisture
0.85 0.63 052 041 0.75 041 35 25 3.0 1.9 048 0.28 60-80 (mm)
75 8.4 0.85 0.7 11 10.2 9.2 8.8 0.65 0.7 10.0 115 €D “fm‘:n"; R

OA



S 60,5 Sladss

(Co¥ICm?) aes g,
0.31

0.36 0.41

. .
st il s esalie
— ek L gl s

60 — l_;JL._..!TI_‘\l.;.a.!qJ..aL'i}L_u -l eaalie
ol sy alalivl = g3l ant
-80
0.26 031 0.36 0.41
0 - - :
3 20
',1 -40 t&
1 60 —h— LT el Y - gl enalts
- e glTan sl Yl 4t
-80 <
0.26 0.31 0.36 0.41
0 - - r
1 7
4y =20 -
‘.l -40 %
1-60 A - -JJLﬂTI..u.!G..EL.nﬁ-JHML‘_»
~ v = gkl sy sl il at
80 !
0.26 0.31 0.36 0.41
0 : : :
3_\ 20
1 40
3 .60 okl da el VY - gl saalte
~ et WURCHOPIFRY S I
-80 +
0.26 0.31 0.36 0.41
0 - &} - :
3_.-20 ,x};&
™ -40 %‘
X i LIS T PRGN & N PRV
:2‘-60 b Elt3 KU L S I
-80 ’I%
0.26 0.31 0.36 0.41
0 “. T T T
3;-20 3
4 40 3
x =0 = o LT ua el FA - ol sialie
160 . - - aayles o
2 'g. A0S W RV, J )
-80 :

5
= 026 : . .
0.26 0.28 0.30 0.32 0.34
Vs (Cm® Cm™)
0.42 y=10105x s
R® = 0.9935
037
0.32
027 b= : : :
0.27 0.31 0.35 0.39 0.43
0.42 y= 09819 -
R = 09972
0.37
0.32
027 kel . : .
0.27 0.31 0.35 0.39 0.43
0.38 —
v =0.9818x
0.35 Re= 09952
0.32
0.20 f== . .
0.29 0.32 0.35 0.38
0.38
0.35
0.32
0.29 = T T
0.29 0.32 0.35 0.38
0.34 -
y= 10142 P
032 Re = 09816 o
0.3 -
0.28 == : :
0.28 0.30 0.32 0.34
0.32 -
y=1.0143x e
0.31 Ri= 09707 -
03
0.29 e
028 b= : :
0.28 0.29 0.30 0.31 0.32

FI jlw ;0 HYDRUSZD Juo b (VS) susis (g3 lwdais 5 (V0) slovalice ciugh ) (gagms (g lio Y JSCis
Fig.3: Comparing the observed (Vo) and simulated (Vs) wetting front by HYDRUS2D in FI treatment

AR



el oolainl b ugb ) (25 plaw fyaes

dw y0 e Plas L YxVxY oS5 L Gauss2mf
RMSE=0.2 mm, MBE=1.25x10%° ) _ijsal (gal> e
RMSE=1.47 mm, MBE=0.1 ) (,5s;] «mm, EF=1
RMSE=2.4 mm, MBE=-) J,uS 4 (mm, EF=0.99
Glwacs o 1) cds piie «0.2 mm, EF=1
ol A aes o lid MBE polie .cuils S cosh,

ANFIS Jowo 2U 3,
S cugh, gileand ;3 ANFIS Joo b))l b
ly ples o oJol Jad joad all ¥ a0
"5 1803 Sl piie lp VXVXY oS 5 dacygas
MBE 5 (-N4-\V/Yd mm) RMSE ,slie o5

I, 1AF-V) EF Llade o5 s g (+/o oo+ V\=Y/AY)

2 ez g Sl ueS el pge Jad o o
2 S cosb, ileand (bl sl ol
oS g ol b 50 of puolie 5l 2 g0 B apgo Jad
50 wosls slaws og i @ oleoe 1) ol Jdo
G5 (50,90 Jsb (09 5 SYsb Jdsar (hjgel cal> il o aw o o las 52l polie S0 ol ol i
solie ANFIS Jow ol b)) jshaieds wols cons (RMSE=19.0 mm, MBE=107 mm, EF=1) _3;se|
95 59 e milgi bl 2 DITS jlas jo SIS Zugh, RMSE=2.87 mm, MBE=-0.66 mm, )  ge;l
polie YL gLkl al o ileans (el Jad RMSE=3.73 mm, MBE=-0.17 ) .S o (EF=0.98
wleyo cpl jo S Cosh) (giluand 5 lovalis eSS )0 Uiy, opl YL s 5l Sl> (mm, EF=0.98

(F JS8) ams o plis 1) coviie il o118 Cogae alb pgs Jad o il Cusb, e

Cogac &l oS 5 ol b pumes (Clls ol jonay |
Gauss2mf cogac b 5 s ()it Gaussmf
50 oV Jgaz) bl pcails oljen 4y 1) cds o 505
del MBE [Lae wlasl p S Cugby ol (b ol

ANFIS b S cugh) 5lwamd 10 99,9 it (eus i 9 (MF) cogas mlgi (b5 -F Jguz
Table 3: Evaluating different type and humber of membership function for simulating soil water content with

ANFIS
EF MBE RMSE oSy &b

JAS oeel el JAS ol o9e! JAs sl el
0.98 0.97 1 -0.19 1.06 1.96x10° 3.83 3.31 0.73 2x2x2 =
0.94 0.87 0.99 -2.56 -0.9 2x104 6.29 6.96 1.94 3x3x3 8 £
0.63 0.74 1 3.33 1.71 8.34x10° 16.4 9.67 0.93 4x4x4
0.98 0.98 1 -0.17 -0.66 1.0x107 3.73 2.87 0.19 2x2x2 0 o _"xi)
0.95 0.92 1 -2.95 1.02 1.67x10° 6.15 5.47 0.83 3x3x3 3 % -
0.98 0.81 1 0.34 2.07 7.7x107 4.05 8.14 0.28 4x4x4 © R
0.98 0.96 1 0.49 -7.92  -2.96x10° 4.1 17.25 1.86 2x2x2 0 4=
0.98 0.02 1 0.49 -9.06 1.84x10° 4.1 18.6 0.8 3x3x3 3 E
0.98 -0.15 1 1.55 -6.87  -3.01x10° 732 20.17 0.32 4x4x4 O v
0.99 0.99 1 -1.22 0.08 1.2x10° 5.96 2.17 0.3 2x2x2 <
098 095 0.999 -2.12 -1.2 1.6x10-° 8.71 6.72 0.68 3x3x3 8 £
099 0.76 0.996 -1.26 0.12 2.4x10° 6.6 14.2 1.74 4x4x4

1 1 1 -0.89 -0.57 1.2x10° 4.21 1.97 0.32 2x2x2 0 o _“&1)
095 095 0.999 -4.49 -0.67 2x10° 14.2 6.43 0.63 3x3x3 3 % 5
0.97 0.89 0.996 -0.95 0.8 2x105 11.2 9.38 1.75 4x4x4 o <

1 0.99 1 -0.20 0.1 1.2x10° 4.2 1.47 0.20 2x2x2 0 4=
0.99 0.87 0.999 -0.27 1.09 2x10° 5.76 10.3 0.63 3x3x3 3 E
0.87 0.81 0.996 11.1 -0.9 2x105 21.9 12.7 0.32 4x4x4 Qv

g oo 418 T Jla3 1 (63959 yuxie @ Sl (G5B ras (4SS jo aS Caul Shsae milgi slasd oS 5 5l jelate %



S 60,5 Sladss

0.34 O Observed e ANFIS ‘ "
*i HYDRUS2D — —MAD FI.Jgl oo 2l
3 ©o Qg
030 S k320 0
a; JNLég‘l"‘ggILEZOOOOo_o-gSSO
026 MH'M $82398
_5
‘"_E 0.22
0.18 ‘ . . .
% 66 6 86 9 106
~ | © Observed oo ANFI -
) 0341 ivoavsen — —3.1‘51)@
3
% 0.30
89
& 026 gg
S gg i_g_a
Som o 3900 mg mm = — —
S (LRSS ETrrivey
0.18
% 6 7 86 9 106
0.34 & Observed s ANFIS - =
3 '?_o
030 {8380
] $0
% é$@e
026 $oo
iigess
5 990
I i&gggg_g_%, o
5 FEEe
0.18
48 68 88 108

ZedlS 3o 3s)

pag | © Ovema o aws [ o————
—— HYDRUSID — —DMAD
I
030 §%0
‘L"&%‘\i.o o
026 ng,‘-_Z_o 0
022 == $ 3388885944
0.18 . : : .
56 66 76 86 9 106
R — —
O—HYDRUSZD — —MAD i
AAL=T0)
0.30 Hé&-&ii_l‘?o@o co00
0000g
Seg 959531 286888335888
0.26
022 [T ————————
0.18 . : .
43 68 88 108
. — HYDRUSID — —MAD re s
030 %
83,
8
0.26 gg
.\g@
022 T T T S osaon .
0.18
48 68 88 108

elS 3l ey 5

39y o abize sslowi )0 ANFIS g HYDRUSZD sbaJuw b S Cugby (g 5lwamis 9 gloadlice polio (g lio —F JSi
(DAP) cuols 3l wy adiseo gl

Fig.4. Comparing the observed and simulated soil water content with HYDRUS2D and ANFIS under different
treatments on different days after planting

= dwd oo slid |y (gilwand go,90 Job yo alisee
D)3 ol (6l ao 0 00 usb jlre sads Ll
o (S03995e )3 Lawgie Cush) Oliee &5 olagg, 5o
O il 9oy YYD 5l 1 50S (6 e il (4-A)
o laygy wond i ol A by vl 35z g Susb,
au Jol =15 Jad ,oDISS ¢ DITS slojlas jo (yiis
A 59, VY=V V gAYV -V Sloj (godgaome jo
G009dte ;O s A ipgd sl)) Jad jo g ZuilS
FUSCs og el 5lam 59, #P-VY e g AY-VY e e
sla oo ;o Jius (godgamo aS o as o Lz ¥
oSS L sylo omoe BWSTANFIS g HYDRUS2D
ol ools a4l golozel b zlis ANFIS ¢ azilas
J=ad 5l 55395 59, Ve pes Jad 50 bajless Jloel 4z 51
59 3 DI75 Jlass ;o (55 (50,99 Jobo Lol e 9,4
O J=ds as aanalas [KaSs b (sls sime IS Juab

2

089d0—x0 ‘ya—sxi g ANFIS g HYDRUS2D dus lio
s ANFIS Lo o )5 oloj)l sloajline (sa—mlic
Lo ine Sl 4 aas e i HYDRUS2D
LANFIS L (g5lwani cds wlgh oo cmmlio Jius
Joas 0 5Ld 0 90 slwosls g 5l g 00l agli 4l
= 3Ls «wid> ;0 GDD ,slis .alss HYDRUS2D
903, (sByme Joe dn ol cilie oo 0 1) ol
ol bl o Gos Jlado 5 (i mhaws (sla e
ol 00l el s 4 U g Lol 5Ls aS aes
ol 3 (Gheysari et al., 2012) ;L Son o (5 B
L Jyamme o Slae (gjlwans ailsi o0 GDD oS acils
Sy e Ll 1) i cow slaylews 0 ANFIS
oo (§ilwdcds g slovalice polae Ol s wig, (F
b les ;5 ANFIS s HYDRUS2D (sla Jus b sl



el oolainl b ugb ) (25 plaw fyaes

5 S A 53 obS (2T 5l o e 5 l9p og S Wil e
glil s 0L LB Gaa L iaghy ol OlFse sshulyd iz yo bl pgo ctS” Jad Jsbo yo
oo L amglio o s)LlfeS o pie )3 (6518 - onae = 5095 1y Lajles i ol jralS mhaw (sa b
4 sleosls wlwl o g HYDRUS2D 335 5 (o0 ool Lols aulial 1y O gals maw b 5 dgai Jlosl
Gyd gae e So o ey Jad g0 (b ol Cws O azg Gedm Lajled 51 aS Clils ax g8 Wl s>
VO s 5 50 )laleS 5 o5 (6Ll sloyles o Jlesl 055 o5lasl 5l e S (susb, adss cunds
Sy Ol td 0g,) (gdnlie i plol o ,s OO 4 Jsb il sl ol es ol O Goe ialS b g wig
=l ol o S Cogl )y M slizl g osb, S Sles oo 1 (ollaels Sl ST sl (i (50,90
ANFIS Jao i eoliiwl Sl (slosalin glassls ulul «(»l e (Karandish et al., 2012) u_& salss Jpame
J—ad Job o 5 Lales Jlos! s o comens 5o Skl Of Bes g e Jloel e oloj il Wb
il oldlan 1) OF Glals mas e § 0l Joe g5y ol @l el 2098 (s 6 koS
5 00l cmlio Jas gloyuitie (605,15 4 (uizeen Al bty ol 5o ks s955mly Wilgi oo ANFIS

ool 5 00l 0, IS (sodgaze ;o Jow (pl b s e
a3 o olid |y g5l Joe slaslede

References

Ajdary, K., Singh, D.K., Singh, A.K., Khanna, M. (2007). Modeling of nitrogen leaching from
experimental onion field under drip fertigation. Agric. Water Manage. 89, 15-28.

Allen, R. G., Pereira, L. S., Raes, D., & Smith, M. (1998). Crop evapotranspiration-Guidelines for
computing crop water requirements-FAQ Irrigation and drainage paper 56. FAO, Rome, 300(9),
D05109.

Birchak, J. R., Gardner, C. G., Hipp, J. E., & Victor, J. M. (1974). High dielectric constant microwave
probes for sensing soil moisture. Proceedings of the IEEE, 62(1), 93-98.

Bishop, C. M. (1995). Neural networks for pattern recognition. Oxford university press.

Celia, M.A., Bouloutas, E.T., Zarba, R.L. 1990. A general mass-conservative numerical solution for
the unsaturated flow equation. Water Resour. Res. 26, 1483-1496.

Cote, C. M., Bristow, K. L., Charlesworth, P. B., Cook, F. J., & Thorburn, P. J. (2003). Analysis of
soil wetting and solute transport in subsurface trickle irrigation. Irrigation Science, 22(3-4), 143-
156.

Dasberg, S., & Hopmans, J. W. (1992). Time domain reflectometry calibration for uniformly and
nonuniformly wetted sandy and clayey loam soils. Soil Science Society of America Journal,
56(5), 1341-1345.

Malamos, N. (2007). Estimation of width and depth of the wetted soil volume under a surface emitter,
considering root water-uptake and evaporation. Water resources management, 21(8), 1325-
1340.

FAO. (2010). AQUACROP Annexes: Reference Manual, 50p.

Gardenas, A. 1., Hopmans, J. W., Hanson, B. R., & Siminek, J. (2005). Two-dimensional modeling
of nitrate leaching for various fertigation scenarios under micro-irrigation. Agricultural water
management, 74(3), 219-242.

GHORBANI, D. S., HOMAEI, M., & Mahdian, M. H. (2009). Estimating soil water infiltration
parameters using Artificial Neural Networks.

Gilley, J. R., Watts, D. G., & Sullivan, C. Y. (1980). Management of irrigation agriculture with a
limited water and energy supply. Institute of Agriculture and Natural Resources, University of
Nebraska-Lincoln, 168.

Al



\vay Qtl...u.b' A o)Lo..'L AgRIES S ‘59){)5 Olasss

Hupet, F., Lambot, S., Javaux, M., & Vanclooster, M. (2002). On the identification of macroscopic
root water uptake parameters from soil water content observations. Water resources research,
38(12).

Besharat, S., Khanmohammadi, N., Rezaie, H., & Behmanesh, J. (2012). Evaluation of soil water
profile simulations in drip irrigation based on soil hydraulic properties with experimental
observations. In Soil and Water Engineering. International Conference of Agricultural
Engineering-CIGR-AgEng 2012: agriculture and engineering for a healthier life, Valencia,
Spain, 8-12 July 2012 (pp. C-1035). CIGR-EurAgEnNg.

Karandish, F., Mirlatifi, SM., Shahnazari, A., Abbasi, F., Gheysari, M. (2012). Effect of partial root-
zone drying (PRD) and deficit irrigation on Nitrogen uptake and leaching in maize. Journal of
Water and Irrigation Management, 2(2), 85-98.

Karandish, F., Mirlatifi, SM., Shahnazari, A., Abbasi, F., Gheysari, M. (2013). Investigating the
influence of partial root-zone drying and defecit irrigation on water productivity, maize yield
and yield components. Journal of Water and Soil Researches, 44(1), 33-44.

Karandish F. 2016. Improved soil-plant water dynamics and economic water use efficiency in a maize
field under locally water stress. Arch Agronomy Soil Science. 1-13.

Klocke, N. L., Schneekloth, J. P., Melvin, S. R., Clark, R. T., & Payero, J. O. (2004). Field scale
limited irrigation scenarios for water policy strategies. Applied engineering in agriculture, 20(5),
623.

Nash, J. E., & Sutcliffe, J. V. (1970). River flow forecasting through conceptual models part I—A
discussion of principles. Journal of hydrology, 10(3), 282-290.

Parchami-Araghi, F., Mirlatifi, S. M., Dashtaki, S. G., & Mahdian, M. H. (2013). Point estimation of
soil water infiltration process using Artificial Neural Networks for some calcareous soils.
Journal of Hydrology, 481, 35-47.

Payero, J. O., Melvin, S. R., Irmak, S., & Tarkalson, D. (2006). Yield response of corn to deficit
irrigation in a semiarid climate. Agricultural Water Management, 84(1), 101-112.

Robins, J. S., & Domingo, C. E. (1953). Some effects of severe soil moisture deficits at specific
growth stages in corn. Agronomy Journal, 45(12), 618-621.

Schneekloth JP, Klocke NL, Hergert GW, Martin DL, Clark RT .1991. Crop rotations with full and
limited irrigation and dryland management. Trans. ASAE 34: 2372-2380.

Simunek, J., Sejna, M., van Genuchten, M.Th. (1999). The HYDRUS-2D Software Package for
Simulating Two-Dimensional Movement of Water, Heat, and Multiple Solutes in Variable
Saturated Media. Version 2.0. IGWMCTPS-53, International Ground Water Modeling Center,
Colorado School of Mines, Golden, Colorado, pp. 1-251.

Stone, L. R. (2003, February). Crop water use requirements and water use efficiencies. In Proceedings
of the 15th annual Central Plains irrigation conference and exposition. February (pp. 4-5).
Tafteh, A., Sepaskhah, A.R. 2012. Application of HYDRUS-1D model for simulating water and
nitrate leaching from continuous and alternate furrow irrigated rapeseed and maize fields.

Agricultural Water Management, 113: 19— 29.

Vrugt, J. A., Hopmans, J. W., & Simunek, J. (2001). Calibration of a two-dimensional root water
uptake model. Soil Science Society of America Journal, 65(4), 1027-1037.

Wang, Z., Li, J.,, & Li, Y. (2014). Simulation of nitrate leaching under varying drip system
uniformities and precipitation patterns during the growing season of maize in the North China
Plain. Agricultural Water Management, 142, 19-28.

7Y



el oolainl b ugb ) (25 plaw fyaes

Estimating the water stress in soil using HYDRUS2D and Adaptive Neuro-
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Abstract

Most In this research, the ability of HYDRUS2D and ANFIS models for simulating temporal
variations of soil water content and soil water balance components under full irrigation and water
deficit irrigation with two levels of 75 and 55 percentage in a maize field were compared to determine
water stress duration in the growing season. To do so, soil water content was measured using TRIME-
FM TDR sensors during two growing seasons for calibrating and validating HYDRUS2D model.
Also, soil water content was simulated using ANFIS with different type of membership functions and
using independent variables of days after planting, GDD, irrigation depth and water stress level.
Comparing root mean square error, mean bias error and model efficiency coefficient indices for
simulating soil water content stress period duration, soil water content and soil water balance
components demonstrated the possibility of using ANFIS instead of a complicated model such as
HYDRUS2D when defining the suitable independent variables. Despite 10 days sooner application of
treatments in second growing season, the same water stress duration under DI75 treatment for both
growing season (i.e. since 82 DAP till harvest) shows that it is possible to apply treatments either
sooner or with higher intensity when applying deficit irrigation. Based on the results, ANFIS model
could be used for these purposes.

Keywords: ANFIS, Deficit irrigation, GDD, Soil water content, water balance components.
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