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ABSTRACT

The ever-increasing population and expansion of development activities regardless of the quantitative and qualitative management of water
resources in most of the countries located in the dry belt areas have led to the aggravation of the water crisis, especially in Iran. Wastewater is
one of the types of non-conventional water that can be put back into the consumption cycle if its pollutants and impurities are removed. In this
research, the performance of the artificial wetland systems with vertical and horizontal subsurface flows under the cultivation of reed and
typha plants for the treatment of the wastewater of Rasht city were simulated by the HYDRUS-2D model. The values of the statistical index of
the normalized root-mean-square error (NRMSE) in wetlands without plants, under Reed and Typha cultivation were 6.5, 9.8 and 14.8%,
respectively, which in comparison with the classification of Jaminson et al. (1991). The HYDRUS model has excellent (less than 10%) and
good (10 and 20%) accuracy in simulating total dissolved solids in artificial wetlands. Therefore, the HYDRUS model recommends for the
design of reducing the total dissolved solids of artificial wetlands.
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1.Introduction

Population growth and changes in the pattern of needs in accordance with economic growth and lifestyle changes have increased the need for
suitable water sources. Treatment and reuse of wastewater is very important in order to reduce the water crisis and prevent the pollution of
surface and underground water sources and ecological destruction caused by the discharge of sewage and preserv human health. Conventional
wastewater treatment methods have many implementation limitations, including high cost, complex operations and maintenance, etc. For this
reason, it is not possible to implement conventional and high-tech methods everywhere. While natural wastewater treatment systems have
lower technology and less need for trained labor and at the same time have high efficiency. Among the solutions for green wastewater
treatment, we can mention phytoremediation and artificial wetland system. An artificial terrestrial wetland that removes pollutants by creating
a saturated porous environment and providing the conditions for the occurrence of physical, chemical and biological processes.
Phytoremediation is a biological treatment method in which a plant reduces the pollutants by selective absorption of pollutants and
accumulation of them in its tissues. In this method, various factors such as retention time, pollutant concentration, environmental factors
(acidity, temperature) and plant characteristics (species, root system, etc.) are important. Since the artificial wetland is similar to a black box
whose processes cannot be predicted, simulation models are used to design them with the aim of achieving the highest pollutant removal
efficiency. The HYDRUS-2D model is an advanced two-dimensional model related to the simulation of water movement and solute and heat
transfer in saturated and unsaturated porous media. In this model, Richards and dispersivity-diffusion equations have been used respectively to
simulate water movement and solute transport, as well as features such as spatial distribution of plant roots, water absorption by plant roots,
various equations of hydraulic properties of porous media and various initial and boundary conditions, the possibility to provide the simulation
of an artificial wetland with plants.

2. Methodology

2.1. Experimental site and Measuring TDS

To collect the information from the model, six artificial wetland systems, including three vertical subsurface flow systems and three horizontal
subsurface flow systems were constructed at the sewage treatment plant located in Fakhb, Rasht. From the three systems that were constructed,
one system was considered without plants and the other two systems contained Reed and Typha plants. The wetlands were filled with Gravel
in diameter of 5 to 25 mm. To adapt Plants with the cultivation environment and wastewater quality, the plants were irrigated by wastewater
about three months. After the three months, the main data collection was done by sampling and checking the performance of the systems.
Collecting data was for 9 months. During experiment, the raw wastewater sample was entered into the wetland systems and after the hydraulic
retention time (about one month in winter and one week in spring and summer), were sampled from the outlet of the wetlands and the
parameter of total dissolved solids measured.

2.2. Calibration and Validation HYDRUS-2D
In this research, the HYDRUS-2D model was used to simulate the processes governing the movement of water and transport of solutes and its
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absorption by plants. S-ship model was used to estimate water absorption by Reed and Typha plants. The effective parameters of water
movement and transport of solutes, including saturated hydraulic conductivity, longitudinal and transverse dispersivity, and diffusion of the
wetland bed, were estimated using the inverse solution method, respectively, using the output flow data and the total dissolved solids of the
output wastewater. Statistical indices were used to evaluate the accuracy of the model in the simulation of the purification process in the
wetland. The data of days 112, 125, 131, 140, 146 and 152 from the start of the experiment were used for calibration and the data of days 187,
208, 215 and 222 from the start of the experiment were used to validate the wetlands.

3. Results and discussion

Comparison of the saturated water conductivity value estimated by the HYDRUS-2D model with Sheykhan et al.'s research (2019) showed
that the model was able to estimate the hydraulic properties of the bed properly. The longitudinal and transverse dispersivity coefficients in the
horizontal wetland were found to be almost half of the vertical wetlands, which is in line with the lower saturated water conductivity and as a
result, the lower velocity of the wastewater in the pores in these wetlands compared to the vertical wetland. Dispersion coefficient was a more
important factor in solute transport than dispersivity coefficients. On average, in vertical wetlands, the model was able to estimate the amount
of reduction of total dissolved solids with about 2% less than the values measured in wetlands under plant cultivation, while in the horizontal
wetland, this amount was between 3 and 5 percent.

4. Conclusions

According to the results of statistical indices, the estimated values of the total dissolved solids of the artificial wetland system under Reed
cultivation were more consistent with the measured values than other wetlands. The results showed that the model has a suitable ability to
simulate the movement of solutes and total dissolved solids, which means that it can be used in the design process of treatment in the wetland.

5. References
Palfy, T. G., Molle, P., Langergraber, G., Troesch S., Gourdon R., & Meyer, D. (2016). Simulation of constructed wetlands treating combined
sewer overflow using HYDRUS/CW2D. Ecological Engineering, 87, 340-347. https://doi.org/10.1016/j.ecoleng.2015.11.048

6. Conflict of Interest
Authors declared no conflict of interest.

7. Acknowledgments
The authors would like to thank Guilan Water and Wastewater Company and University of Guilan for providing the facilities to carry out the
lysimetric and laboratory experiments of this study.

Cite this article: Karimi, Z., & Navabian, M. (2024). Simulation of total dissolved solids removal from domestic
wastewater in vertical and horizontal subsurface constructed wetland, Advanced Technologies in Water
Efficiency, 4(3), 17-39. DOI: 10.22126/ATWE.2024.10688.1124

Publisher: Razi University © The Author(s). BY _NC




1 639 0y 3 by G (9l

,\'\_/, YVAY-¥4¢¥f 36-{:5};:&“ Ll https://atwe.razi.ac.ir '« i eli.:} U};,,{Z],

SBUL > b (8 g0 SYG 3O (5 yew OHOB 3 Jolno Sl J5' i (5 lwans
! g G908 i g
BT g e 1 con S 125
karimi_tannaz@yah00.com :asbll, .|l ey e, M8 oltils ggliS 018iils (ol pustiage 09,5 el pubigen ) sty S ggomitily

g ws 2 T4 aanl e . 1 . Ty . R s 1 . ¢ e . . .Y
oKy X dl.'{).) Lfl dog> DM9)J M)]a.a.’xn9u‘ (5“’3‘-@(" 09;5.“.59)4 M‘sya.ca Ad))BLJ.SO I> “T:‘ uw.\...e(c 09)5 ‘)l#a.ub ‘JW ol 93
Navabian@guilan.ac.ir :a.bbl, .oyl sy ( NS

XN EN

2 &ly slysiS it o o mlie (B 5 (o Capde & g g Srug Sl (1S g Camex 9389y LI
&S 395 o gume Bylaial (clac] gl 5 S oMbl Lol sasi ol 3 eiga O o WAl 4 e SuiS sble 4 yeS
VLoLS b S 5 5 egimn SBaTE 3,8 )5 Gyme 42 13 oybgd Bl ) slbpalBl 5 osi YT Ciis g 5
Copde g (Db slaylil drg slil) 53 (Gimgly ol 13 255000 w23 1) ML ] ame oslitil § 2940 Sl s S, lgisa;
NS adai )3 i g (5 olS 9 CulS CoT (BBl g (9908 (rlaw ) (Egian OV dlabs 3Sles (giludund (ogian oYL
by et b 5 5 GblS (Bl g so5es () VB Calo I ey A o) HYDRUS-2D Jae g cud) s
1 OV Lasgs sdbighass 5 ol OIS 5§ Jgloxo lisls IS (6550l 5 (s opaiges & pladl ¥+ 000 b 1¥AR 5 090
OSle ada) (ylel jasld polie 8 el Lol slapasls ) edlatl b (oxtw)lisl g (eiwly alsye 93 3 Jue <85 (b))l
oy oy cutS Cod g J S Cos wlS el (9350 YL > ovyliel ds o 13 (NRMSE) ouis Jloy (sllas jgioxe
5 Ogminels audib b duolie ;3 a5 Mol Cund 4 o> W g FIF AYA i 4 a8l VB 5 o) VYA 5 VA S/
Jsbre wlisls JS giloans 0 HYDRUS-2D Juo (1o ¥ B Ve () Ggd g (dopd Ve 5l j18) Jle cdo jl ol o,
98 0 dnogi Eguas YU ) Jobxe Slials JS 35915 ¢l HYDRUS-2D o 5l oslazul g,0pljl )5 e guae oYU )

D1 (Bl QYU I i (99908 OV ) (gjlwand cEd e

o o2 YbolS das oMols dbuas (3908 g (88l SV 1 oS Lsta,ajls

VoY jpe o) 3 Swig oiSIN Ol VFeY Blype 8 1 g da VEY L5 Ve i Wol VFY (098 Ve 1Bl 40 1l Ayl

(Bl 5 @905 (s Sl b (sgiae SYB 3 (6 GASE I Jobre el JS Bl (giloannd (V) paye olalys 5 oy 008 3wl
10.22126/ATWE.2024.10688.1124 : Jlsms 4wl cW-Y& d{¥)F s csys00 13 4cirir cslocsyolis

@. BY NC OB N g5 © &jly ol 15k



https://orcid.org/0009-0003-8594-2020
https://orcid.org/0000-0001-7254-4312
https://orcid.org/0009-0003-8594-2020
https://orcid.org/0000-0001-7254-4312

WYR(Y)E VET ol 59 002 )3 48 by 5 (5,908 [3luleh 9 o005 |

dodie

455 g 03 5l (S 0ged s g (LBl Ay b il (698Ul s g 9SGl (o 9 138 (Ss) (6 slajls g Cumen 13
o)l (Mo Yoo Jlo 485 3,Lbe AV 3905 4 Cumen iul33) 5l S 55 03] la il 031y i8] Cuslio O @olie
5 ooohlll) Ll W 1) i Jpaze dops Fe @Mee Vo0 Jlo & Sl ol 5ygliS i o5 cusl ol e
carge Ml 5l saome okl ¢ avhad b o Lail38l 35 Ol Goyas 4l i g Mg Al A dagi b gyl (YT < Loy
L] el e e LinlS US55 amd il |y T 3saS oo Sl oo g o siwai e 5 coocbaw e 5 ol calayy fpee LtnlS
4 AL l5g 295 o0 g plaz 5 ol 23 o dgame e coniS s Koo Jelse )55 b 9 59l (ixke slacley
ol 5 i) S93cn o3n 3 3> Sslant So 5 KPS e i 3 e O i (Sogl 4 s Cesjlacee
ey Bl ol S g 90 g o VT Bl (gl oleylSal) ol plie & Ml 455 | 5 Canly oo gpclil (V0 )

3 e 4 )13 g 0y ()RS5 5 il pe e Vb dja dlexl o) 2l 2] slacadgize OIS wiar Jolite sy,

9 Fomk PSSl NS aial (b laaills &5 Jlo )3 2)05 3529 brden 1> YU (S5eSS b g Jslite oy sl 2l Sl
b bl glgl das i) (VA8 S pl) By VL L by 5 A 55 sdidBisel JE (gay 4 pieS b
b b able 5 05 e b abls Su8 copu b alble ¢ e i aibolu) ST b alls 4 Glgie oMol b
Esvas VB aloly 5 2YLolS (T jslis op) LolS claabls 5 aolsn (cbaaS Lk sbas ) T sbabbls o e
3 (Comilame Jocugd) su slaihsy ol e B dda b cladlels 1Y+ 8 syl 5 o) 358 o)Ll
sl & G (Sgime VU gy sl alenjl ol OMSB aias aiue 53 3,8 5 sladsy Sl (St s gian sl 2S5k
905 o)Ll gglacl (g5 g5 pas g Clpds pead pas (il b dnje b ) 5 Ll & Ol (OIS dal clahg,
2 gy Bltnngs (slaypiS 5 (VoA & GoWly 5 udolS) ol gl e s 31 50 b ples 3 88 (S atgg ) el Sjle VB
039l (Slocl 5 ol 4tb iy dudead (g0 Sl 9 Mo cllyj 8> oo il cliio ML «(55liS” (slally ( S ML
S50 dlgo 00im) 0 b 60S B uas g lgicds Llg o OV Cany jlasre 9 0 odliiwl egian OV | lawd 5 ol 4
AL RS g At S Glojen sbor (Suflon 5 liesd (a3 sloa]p ool G QYB3 S e 8
5 Jiloss) Ngdso st obS £95 5y €95 (Sgpier Gl g9 Wl (b Shy (5855 Sl L (egiae SLOYE IS o
5 doms) ool a5 0T Gl Jols 85 canl ol 35 ol 2 Egtmn SOV (Gabimnd (i shie (VoA (lgliyg S

! Alexandratos and Bruinsma
2 Hosseini and Ghodsian

3 Sperling

* Local Infiltration System
° Slow-rate System

® Rapid Infiltration System
" Surface Flow System

8 Natural Lagoon

® Aerated pond

10 Floating plant System

1 Martin and Martin

12 Constracted Wetland

¥ Kadlec and Wallace

14 Vymazal and Kropfelova



9 (53908 (Paw ) SO, L (Samar SYU )3 b OIS I Jolone Slasla S5 Bl (g5l

SV )3 (FYe Jaagisn) a5 (b VWY Jlo 3 " Jde bug o3gas (awpj gl b grae VB (VY ol
oS 39800 el yol (pl g 29800 445 gl yaboas OVE el 0 031> (Lt (0=)) JSUb 13 &S (93900 (rlawpj by L (o g
Al asly YU a5 HLis] (gl oyt Cuoyd yimnST wl (JB yias g 03,8 dob yi ol a5 Slej

amd ;> Seidel wlidss wlol p g Gl o lnl > (881 (o) by b (eomae ooVl S8 4 OMsb abal (59655
ol (@l-Y) S allas aS” 28] xaw i b b esias OYB 10 (085 Jaww 9 NAFY (o VA5 ‘\:JA,,.») a5 lel vase
b olig oI5 ol > oy (298 oo 4 B 03,8 yoee J5ilsite Laome (193 31 (ol 5 oabendss ol 4 (539)5 Ayl 305k 5l oly
@ OBLS ady) (035 50 9 Hheedl S35 VB (raw &Y )3 (S5lp lase NS (0 3,55 1 Slane 9 Gilar sbilae | olbaSid
sl g (sjlgn ailaie | e pSin Cluy b Gren 4 20 18 (B laoee 4 GlalS glapgss, Sl i Sl s
S Ul s (oYU slaailols g5 cnl (WAT ((hlSen 5 (59,3) 205 (o0 )13 ddial 3)90 (Sfglom 35 5 (olend 5 (S
bl 51 45l o (od Mg pas (2o Sl 2 il rpdiolizebl 5 s Copde dy g g W pas (35 Sb
ol obj (glad 4 o g o (SIS hud Bl 13 oS plasily g0 o)Ll 05 398 g s g s Godd Sl o290 5551
sl ol oyl colro

5 lmoa VT Gl el Lile 5 Lose (slaieS Jold s olalS § odlital b 1 )3 45 ol (S55lom (sdnioas oy 5o o VholS
yolie (pSow aljls b Cunlase claoan ¥l Glihs (il b SBgol jl aau ¥l slge Bls el 39, ol e 00 ady, 9 S
Ll dﬁ)wdaus)m dbw‘ )Ja.’)l 9 W)Jaoub)lf)u ‘w”l u.wa) U.)\AJDLS 39‘»@ b.)).g)lfd..g 9»5‘9).)') .)l}o 9 L;i C)L..f).s cc_:l...af

Lo Jel DJ»\ﬂ Lj uwlf g0 .)9> dlmwb BEl oJu)\ﬂ é.o.’x? 9 ons\ﬂ U.:l?w] u» l; oLS U“’9) L)"l Jel .)94.%;0 w)f K8 Jbsui

! Saeed and Sun

2 Seidel

% Bakhshoodeha et al
* Seidel

® Phytoremediation



WYR(Y)E VET ol 59 002 )3 48 by 5 (5,908 [3luleh 9 o005 |

S ooV Gis 3,Shes Sguas 15 Silgi e S gime VB 5 o VbolS ashua (el by S 3 (YIV ¢ )y Ko ¢ 3b) ol 138,55

2L

3 oslil 31 gamd aw (b g gt JB o canlp & LS e 4wl b w4 ) egias VI &S Hbljl
b e Cydgione Slodud sl Jto 15 gul, ootV Gis lakly Yl 4 oliws aal bl shb (sl (gjlodend slo i
Ml S5 lsieds (gjlodund L9y 4 (ol cplplo )16 2k aja Bpo g (loj 4 5l alejl 1y (Bly g (AL}l ulide ) (So 58
Jo s (oob; Cusnl oVLolS L S5 pegatt (sstas cboVE dlise bl obsl glp cwbe
el o elodl Jodsie bama )3 Syl g oMl Jlil g ol 8 o (gjlodend b L)) 3 (gdasgd atb iy Jio S, HYDRUS-2D
— sl g iyl c¥olee 5l ke ol 3 sl odsally) o8l S gy olSislojl 5 (VAA) San 5 Sigams bawg 45
Gl ol atyy olid gy 15l ol unes Cusl ok odlitel 2ol 5] 5 Ul e8> gjlodund (sl g 4 L]
2 e i st ISl ) 5 s Eoitn by 5 J55n s (S Sl ciliie Y3l ol a2y oy
sl 03y5] wal)d 1) gLl g eldl Ly gl olS yp

SR Ay 9 (5515 (Sl

Jisw bwg ldl 3320 Jlo blgl ;3 oYE alS b oMol cabar Jlis! p ue 48,5 &g (slaingh g o iales] gl
s ol b ssias OV I (alus G5 Sy MG b pglaiony (V4IV) *PsSl 5 e (1200 Jis) a3 plogl
LYl 5 s 2)Slos b odlatwl ol cuiS o egiuan OYU VY I imeds cpl 50 1200,8 eolatwl LSS > (sog0e
st 3 (VoY) iSon g 5 I8 gy glise cg3gyg gl CAlE & ar g b auop A BB o alowd Liy90 3T Bl (ol
Gl > )3 gy g0 ole e Sloj ok ln 1y (B (v Gl b egas OV slle S 3 Sles cingh
@ U5 b 5 U5 Oisr Blre Slbels IS e0p3eST (plond S (05eST (Safelon S slryiell lp (sgiae GV Bls 5 Slas
ol Cawd 4 2o yd AV/Y 524/2 QA/F MDA AR 5 )5

Ban ilod Sl drwg Soume UYL )3 ahas 4518 oy sy diliste cla S b ola s ailS glaJlo S5 5
Ll g5l e 5 oolital b sty b 133l so 5l oW 15 oS el _oslionsd 5 sSafslonr csladiz] 51 siag 55 gl Jto 3] sl
a8 o b byl 5o atb iy Jao So HYDRUS-2D e o340 cslo e e 31 s Sge bodi ¥ ity Gl polaieds |, ol
Oy 31y olS lawgs el Ll 35l bl a5 cunl ddy ) dwg ganl g J5dSce e 4 Mol sl o ol
bl Wil 3 e ) esime VB cloles tilegl 7y (S5 3 ok VT Gl (il & Y+ oA) S 5 gilSuss
S0k oMl sl g by (il gl b odlitul g sabeuiS ol 3 5 olS & cguas LYB cuia glaodls I jobaie pa

! Anand et al

2Richards

% Advection—dispersion Equation
* Seidel

® Hussein and Schols

® Gholipour et al

" Toscano et al



9 (53908 (Paw ) SO, L (Samar SYU )3 b OIS I Jolone Slasla S5 Bl (g5l

@l 90 iyl Jho sl 355 5 mone jebar |y (g bl wb Cuddly 4 S5 sileand Sl o 9 g909e

oo 3 oolil b 88l egian oYU bl 5 passel 5 ieS] olesd b Gl giloand 4 (YOF) Ken 5 o3,
B 9 A u_)béw 09; 9o 4 u.o.‘!‘ S Guan u\/l; uw» u«...tb?).: Q"] PN .\,uo].)).» Jl:v): 2 U.QKM»Lo)] C)Jo gi: P HYDRUS-CWM
iy 4B g Asg,S YB3 COD slialie Bls 0o > yl5me D9 Ol pe y3m 5 (5 olS CulS v aog,S il plaS s g L s
1 50 ke sllad ao )y e g o) FA 3 FAB g A 09,5 iy A Jde weSS Bl duoyd e g do 3 FF 5 5 il
Jsloee @lasls S 0o yd VYNY 9 5V (5 &y dielys bl s gime oY a8 65,8 5155 (Y4IV) " o) Kos 5 SLLT el
Al Bl g culS cod |y doyd 0O/FF 5 OF/FY 4l cutS cod 1y lao o

o) Eauas OYB 0 LS 3 dwyie S Ml dhad gilwdnd 4 CW2D Jue jl eslazal b ((V+)A) “Ol)&@ 9 ¢l
olejcde .8 )5 18 \‘)9,559 cale ol cuiS Cod g b able e JAF 9V Y Ges g ope (Job a oYU jelaie pny sl a6
ool gilwams B> Limgh ol 5 g celo YA o] 3 (Sgpun sle loj g (i OV jay Luin gy 4idn VS (6> pdiges
- \ o e o Ew e vup & a - R - R b4 1 A a - & 3 B4
02555 )l (sl oy 4 (1) (Stsod o pd A8 )15 () p3)90 Cu i 9 Ol porigal (JS jhud )3T (Siglom b
plie i ) e Egemmeyd a8 s L5 (gylel b)) ol el Cows 4 +JAYD g +/AFA o /AYD o /AVS +[A0F plp ons)SD
VB 5l (39)5 pasissl g oyimS| olewd jL polie COMSOL Juo jl oslizul L (Y~Y~);Ol)l§¢m g ly Cuwl atily ogd 5,Sles
5 Jole Sliels JS ¢ So Sl colan a8 ol lis o)l zols 050,87 (5,155 Jad B 1y Jse muli 5 ilodms 1) olS (gols cqunn

Sy sddbabny OMSB 31 ool 3)5\59) et N sk L «.JBO:"P 3 OL»T ‘ol)’)l Vujl&)%)’h 4 5l 5 u.ﬂ Lgl.molpq & dogi L
2 NSl hai Uy 5> Jgle Sliels IS (Gilwand oLl Gimgh cpl jl Baa (g)9d 4 elus LS ogasy (55)0liS <l
Wb 45 e ) (Bl g (63505 (£ guan VL

ORRF (99
e SYU (S 58 Jow calw
Sl s 5 23508 ) by alobs dw ol egims YU alobs i ciloamd 5 jisyse Sledbl (gyslaes
b o Jlod 85 TY 5 423 YV Jldlia o) caby 8 53 Bly A2 liaias (1) JS5 3llan 8] s ooy
o dus Jold S ya oS ws wlas] 38l 5 (dg0e (dawp egae YU dlobw g b bl (8 4dBd OO g a0 ¥ Lz
LIS gl o 5l (s3g0s (s (o g YU ladilobs Lo gl aidg ClS (o 5 g cullS (J cllS dn alS

1 Rizzo et al

2 Upadhyaya et al

% Raude et al

* Vetiver (Scientific name: Chrysopogon zizanioides)
% Correlation Coefficient

® Rahi et al

" Recycling



WYR(Y)E VET ol 59 002 )3 48 by 5 (5,908 [3luleh 9 o005 |

g YO Job F+ oy & dondgs dw (8l couae YU sladilols il (gly b odlitwl yio Sl A0 Hlad ¢ Voo glas,l L (PVC)
g SBlo Gloww VS b Jhol ladoudgs (slao)lpd o G ad Slisl oad guland (e 3 30)d Sy b L g el £1 Bes
Fows Sly A o3litl haomog anol (lp s Saodl Y oMb culs I (5ol 5l lisebl g g g CwsS
83508 YL 5 o e Fr os U 88l o VB b edliiw] o Juo YO B O a8 b )L 10 39550 canlio (slao 3y, S 51 GYB
& SHL gloj > QM fayye g yiar 59y S )l Jloel sl LOVE I (pisu) wad 050y S I e Bl FO Bes b
ol jl slbasas OB L ls 85k I Glaebl 4y olS cuisls gdls o 13 OYE cunlio (g5lo gl day (A 4SS
SOymS g ol Jlasil a8 0 oolaiel JLS Gl ab xw ol Gl (gl b eoliiw] b dbnl dbgze 1D 39390 9)095 slag 5 S
P By V) b sl oYl p» e K dew | mye e Sle YO U Fre dgas (olil jo il awih HIE Sl balus o ady,
9 ML 5 cuiS o b (ol 5,5k <l g Jate OYE 4 lalS ol oo ;5 (B8 SOYE )3 69y Yo g (93500 sV
Sloj 03 cnl )3 4 o3l o p LS 4 S ) ole s Glojte (JIEDI loj 53 lBLS ) & o) sl o izren
@ o Slw Vo Bes & OBy bylyd sbol b plb M bm 5 a5 oYU 5l (LSS atan 43) (gloygd g0y odbdstial LIS
Jlo oloydT Y0 55 i plol lnaileb 3,Sles awyp 5 ()l pdiges b ol gyl poald colo dws lojinse (o 5l dmy i 52y5 Wailolus
5 olime; 53 ole S 2g05) (Sdgptm Sloylej cdSS Gl w5 3)ls YU sladilols 3y 4 pbb OB diges 0lo A i 4 VYRR
om0 5l lizal b nges " Jooxe lasls JS jiolly 5 (6o peiges ooV (g5 51 il 5 oy b 55 ain
ool il sadosly las (V) IS 50 ailbduany b CMBL Joloe clials IS polie s (6,u505100 1) g p )8 Jis pluocSS cds

el 0313 g9y linej g9 )l b A5l > i Jglore liele JS Jlade o pieS 5 o it gl

! Total Dissolved Solids (TDS)
2 Multi Conductivity Meter (Jenway- England)



Bl g gd908 (b5 S 2 b (Soiuae YU 13 (e WS I Jglome Clsels J5 B (g 5lwans

e il YO

(C)u;.s‘g..aw‘s.lhgfiaﬁj&Jﬁ)iﬁ&b(*)ﬂ‘}(d‘)‘EJ)&FUVL"‘M&.JWJL‘MT Jg.f:

900
w800
—A.

4 700
J 600
3, 500
% 400
v, 300
a_

% 200
< 100

0 25 62 85 111124130139145151159167178184193205212219226
oialejl g, oyled

ielasl 6293 g 3 ¢l SIS  gome Sl JS yolin Y IS5



WYL P)E A EF 0ol 59 0500 53 4y 510 (5,908 [0 llsi 9 o005 |

HYDRUS-2D Juo " osww jliis! o ' oxiwnly

Al (lod S (slod (slayial)l das g 5 olS 5y pus polie g (wlisle Sledbl 4 HYDRUS-2D Jso jL5 4 4545 L
by (FoVVA 0S) by s JKin )1y (Modl g 055,8 Stginw ol 5l &iligy (55b g 5L ey ¢ 18] Clebu wugby o)
4 dag bl oad oyl Gtalefl 0)90 Jobo 53 wlig) ()l glise () US55 (swlidlgn (slooslsy dilale (:Kike (V) g o 0
ol 90 29y 00 Hlaml pl by g olo i 4 Blate dlale 1Sl (glod i Lol Canl 03> (g9 olodls po j3 Lod oy iy (V) Jgdo ydlds
b e o et Cansl yaseitio (F) JSC5 50 48 jeblod 3,135 ol Lawgs oMol Gl 6y p8l g by olS cullad baole
9 S ke Wlgi oo oS 0> (g9, Ll Blgl g e Jad Jilsl 5> 5k x5 LB polie (riomen g 39 (i) Juad > 4l
Al 58 8 GYE paw 5 pses

Dialesl 0593 53 andllaes ) go dilaze ulidlsn slaosls wlale (:Kke N Jgdr

Sk sl waS (sla iy slos b
ole Ju
(o sodoe 4 53) (Grosedo am33) (Gusedo a53) Grehee)

q \a Y/ \FAVAI 530 ALY

A -\ Yo/t ARAVA% ©>3 Y44

q —\/A YV/Y AY/Y e 144

v/o Y Yq/v YYVVE Ll 144
e/t ! i V/VE sp M
YAV YV/A Yo/A Y/ RPN F
YE/N VY Y/Y Y44/ sls = Voo
YV/t Yo Yo/Y £Y/08 g% Vi
Yo/q W/t in! YVE/AN 53 e Vi
YY/e A ™ A/ TR A

! Calibration
2 Validation



9 (53908 (Paw ) SO, L (Samar SYU )3 b OIS I Jolone Slasla S5 Bl (g5l

60
>
3, 50
2 40
2?30
3 20
o I |
T I (1A A AAMA A A Al

0 50 100 150 200 250 300

bo3T £95% 31 39,

Sielesl plol ke 3 el ey Sk £ S
oldlgn SleMbl bl p g cuslo oty dlasl) 1 odlil b g o olS (505 =y i g (5 (lalS (Bl 50— poed dswloe <l
iee 4 a5 olS (clpr 93 9 WV ) (e & (5 (LS culpd ) dlaily) ad 005 WS g (5 (AL ulpd 50 g dnslre 035 0)93 Jobo
— 55 (B) UK (020 ) es 5 ) Wad 43,5 s 5 6lS w5 090 el 5 e cdsl Jnlhe sl iy & VY 5 V/E A/
sl gk (351 8 ol (5 ymi— pn e sl odmliio b6 &5 obojlan amd o LS LDy 0)9 (o 1) S g (5 ol (5y%
ETc=K. xET, )
it LS Gyt s (LT g p0 olS ywi— puses (LT ol 3kl 3,05 5 iy &y Ko 9 ETo ETe o] o o8

&
8
IS ]
\ oy \
3 A \."' i Y
Vol
:) 6 1 H i Vil b
oM i
: An 2/ ¥
3 : Pk I 'y
: | . ; i A
4 i Y [
| W i
:a\ T AY
4 Y V
9D p \
AZ
X O~ MAO00 0O TNODVDOTNONMOSTNOOWWOSTANO o
pa] AN MNMETTOLOOMNOOOOODO A NMMSTL ONNMNOOO O d
2 R B B B B B I I B B B B B @ U o NI o\ |

olesl €57 5159,
ﬁb)ifl;é‘bh))\ﬂé}ga‘:{éﬁ—ﬂoﬂdx0 J{.ﬁ
3b) Pso yzelyl Jde oyl 53 .0 edlil olS by Of Gl (gilwands <l HYDRUS-2D Jse S-Shape Jue jl jisgs cpl
olee ol Sl w5 ) Pu 5 Pa jzally g (omiuly dlojo )3 s g (ns (B9 40 (0l 0l O Gl 203 00 &8 loj o
u»L.»I » ()9».»‘_5,0 ;9.99,@ S U] )l ).«.05 P &S olS ;.))A}J PUSYS P uj )l) 9 (_sj oS Ja;l).w ) Ay ]a.wy ui RTN JNJIQ.S&
Bblod 1 cglis ol csgls slaoVb (gjlotnd ) 505 bl sz sl —1 X 1015, ¥ 1, 1, HYDRUS-2D e sloiiny
Egae VB L s g 5 ool (egian VB (Sdgun 5 (Sozd balpd Sl el el g Ol Gl olS g 3l (3500

! Allen et al



WYR(Y)E VET ol 59 002 )3 48 by 5 (5,908 [3luleh 9 o005 |

buwg Ol Ol layial)b s cly cplply s odlitnl als CYE suwly ds e 55 oddbaigs colps jl g Hluss (oL 9) sals
5 o> e duglie 5 s g (g (Do) 4 5 SV 93l sloodls jl osliil b ce3g0e ooV (omiwly Al jo 3 (lalS 4y
3yl yio Sl =0+ dag ¢ 5 ol 4> (¢l (S-Shape ol Cis Jue )3 Psg) auiny bwg Ol wds el ¢ Jglne clisls JS Slanlis
255 OleMbl sl cund 4 yio o =Y+ (Psp) aduy bwy Ol Gls eyl dag g 5 olS gols 88l OYE 3 iy Cpmed 4 D
¥y g $9a8 SV )3 yio o YO 5D i3 & (5 ol sl ety 35503 ST Bas g ady) drug es S ol a,
Sliols S clale fpizran 55 45,8 a5 )3 (VoYY ¢ and) o lo 10 5 YO cayy & g oS (el 9 88l VB 53 o b YD

(60 TS 5 52) 505 blod cao o il .5 o [-TY 5 180 i 43 i 5 5 ol L i B sl

05 Sius 3l odlisol 4y a2 g5 b Gimgly el )3 b plsl ol sy o e 9 i S0 el Y g slal Jold adlllasd)ge Laome
M (yssSno > col eladigl 3 sla it 5 Jold 5y sloyzall 0 Cipyes Jio el e Slge 4Y Sy AoVl
SleMb] 5 ady) b Mol 5 o Gl (gl Juo el Jl o] 4 bgryo celayially 5 S Sdgyled Jbo (ays leMbl ¢ ils;
clanld ilesl ol 5 s Jleel HYDRUS-2D Jao )5 wsSan (o33e Jo slaodld g (¢550 baslps (slmodls célyyd (o] @ bgsye
(05 F ¥ dal) TS Jne 5l Jdsiie basme (Silgyien 18y silodend sy b JUb pogSan S g el Jlisl ol 5 >
ML e > 118 (ilodnnd > b oolisl e il ¥ i 1 SK &, lgn d9y9 abais 8,5 s 5 b SB by e gl
s L Alphan sl il uls s HYDRUS s 1 35290 GugSine Jo (29 42 (Ks) gl (o calin jiolly cupmnl Sl 4 Y6 5
Je )3 39590 ROSEHA Jio 51 oolisi] b cditan Jodsie lase (3 abile Bl cugb; g 45455 9 Jdo JS5 (sl ol )b i3 4 45 0,
Lol Casd 4 2 e olul 5 s HYDRUS

es 'er

0 (h)=6r+ W h<0 (Y)

0(h)=0, h>0 )
| m 2

K(h)=K,StT1-(1-87) ] (%)

et o1 (®)

n
ooy Se L) s9y9 Slop Jie yosSins 01 Bblio 051 g3 N conladly Cash, Oy lul Casho, Os L) LiSe N a5 oS
s (L) oeboy oo JS5 jadls Lo (L. T-1) glusl (SJgyaum colia KS ¢330
Auall b gl ol @0ty candVl (650 bbb (9 Sogots (8l ipe byl (VB 3 OUSL Gl (siloand <l

F ML g3 Joro p3 b0 4d)S lai )3 (wised OIS 95 onmdlis & (oo S 5l 2f) b Lo opots candimly jye
5 4B 5 5 Tl g 55 oMb Ll (ojlodnd adgl byd a5 Bl s LS oy (550 byd bV

! Depth of Maximum Intensity
2 Lippmann et al

% Chen et al

* Van Genuchten

® Air Entry Value of -2 cm

® Material



9 (53908 (Paw ) SO, L (Samar SYU )3 b OIS I Jolone Slasla S5 Bl (g5l

Ul ol o Jelge (Supdsy s sy il ol s (6ol pogase pr Jolis Mol Jlanl slo el ly 4 bgsjo cledol
o ool bme J5I55 dsslona b als pogasie i s S g jho w23 ' lyj g b calps g Ml i o e
2 PS5 VB eSap e g op)S VP (ki ogatie pyr (g0 LD L g 0pKie w2 g LOYE 4 939y NS
2P g ka5 C85 8 gilwand 3)50 Joloe Clisly S Aol ad a3 4 Jae )3 5 (F dlasl)) drle oSt o5l
slayiehly 5 Ml JUil (iso 5 Juo (eiwly culpl s Jlosl jao bayiel)l cnl Colps cnd el g9y Jole Cliel> JS 59,
4 9 bl (ouly cups plyeas (DISPT  DISPL) (o0 5 (Jsbo s pdy jliml calys 9 (DIFW) JsSlge (Saisy o ys
LoYE ) Ol aaw 55y 3 Voil o )5 o )3 503 sl Jolome sl S 00 (6Sojll puolin 5 egSae o b,
e Jo anlyd boas ws b Vo5l bwgi oMol wls lie 3903 blod (gly (SINK Waterl) Gas s Gls o s b sanli
Dol Cawd &

> ogasie p 5 (ML) (5ol pogasia o (L) US oo oL7) 8 5 s o w5 0 s 5 P Vi Vi o 2 o8
slasl bl 5 Vi g VB J5dsiie s 305 g1 el Y oSl aoes b s Vi e mlls ogasis oy dusloce cly i (ML)
a5 45 i > Y

g ly gl odly 1o )d £0) BAS el LiSu 93 4 Linlejl (slaodld (VB > ashiai w01 )8 (cilwdns 1> e B> obj,l 6lp
HYDRUS- Jio cés b)) yobaieds 350 odlitnl oW v, liel ey ialojl g9 51 YYY 9 YVO A DAY (olajg, clanosls
u‘i:ha Ay ‘(RMSE) s )9;\:zm u&l.m Ay c(RZ) O o o dl.m)ln])l,i cJJvo Py ﬁal.iia L dloJ.a:L;l.a ﬁal.iin d""L" )‘| 2D
(VY 5 V) Lalgy el caws a5 (MAE) 3l slas ko o (D-INAEX) @gaby 3815 asls (NRMSE) sas Jloy (slbs 93
A o s 1y o ylel I A0S 8 dnwle 095

R2_ T (D)

\
2, 0:0) v)
n 2
RMSE= @ "
nRMSE="2=x100 @)
n ._P. 2
D-index=1-—2=1O0P) OrP) > (\+)
i (|Pi-0+|0;-0])
MAE= 2P0 (V)
n

R? o,le] sl clialie JS sl N g (closnlio yolie 5:Sike O cclosnlive yolis Ojondos) ywess yolie Pi Lalg, cnl 55 &
il ilwans ¢ (slodmlin polie oy @glds lie ol jslaieds md o i Slialie g odded) pesS polie cp |y (SuSTy Cows
L, NRMSE ((1a2)) " 1, 5an 5 (ypmsls ol Jio yitg silodend ime 4 3L oS (adls cpl 4o y» oS 398 o0 o3lizwl RMSE

! Decay
2 Azolla
% Jaemison et al



WYL P)E A EF 0ol 59 0500 53 4y 510 (5,908 [0 llsi 9 o005 |

iy b oy Yo 5l i g Yo BV Ye B Ve Vel 5eS edgame jd yrell cpl a8 Slej a8 wiols slpidi s 3,91 (6l
(V++A) "psSon 5 blia & ol gy 53 arodgions oyl ol (jlotenis 0 Jdo Chonid 5 bongio cogs o e Jle 21 15 orima s
ol 03930 el modls o SASTy ol ool (D-INEX) cogelyy 38l55 )bl Lasli by 45 sl 5,0 5 0l plos
Cunl (g5lwdnd 5 glodnliv polie o llad pae sdimd i yao jlade o Lijle cpyine SOl S§ Hlade &Sl S§ g yho w23 ls
ol yig 13L S0 a4 o)lel oyl e dn a4 dad e Lt |y Las llae (il MAE L(VAAY galig)
asdly
83908 Somao YU dilbolw

el Jlas! g (Sgyam glo o)l sl of sloodls 1l g olS bawgi Mol 5 o Gl ], canls SV > Sl
2 yo Sl YEOAYY/Y) elsl ol colun jlade duwolio amd o L 1) (oxiwly oy polie (V) Jodo i ool woSas > (59, &
5 il 5 (W) hlSen 5 ol (¥+08) oliSen 5 3l (YIF) T oliSen 5 il bugs 01255 gludl Ll calin b (3
(ytosleo VXY ) 3oy p2 siosblis VWeoreo siale /YoVY ad) jgy 5 stosBls WYA++ i & 48 (Y+15) oy
Je &S oy lis (e duo YA JaB) 5oy 0 yie il Y¥AF++ o (jio Lo VO/D b O/D ,lad) o) p yio Slw FYVASF/A L Y- YA0/Y
ol ol Colin Golds bled cps GYB )5 ool yge Joidsiie laxe 3 gludl ol colia (cly date polie ol atuily
Gupd gl (Vo) hlSen 5 gy adl oslatulyjge (slaofs Kiw @glite Jlad Jds & Wlgs oo Gimggy cl b 0ad )55 (sl imgly
Mo (g2 FS ) &S 13)5 (B Jre il VO 9 B S yiadee YU /5 05, a8 sl ) (pdye g Jsb oy il
g B d8le BT ey g 052y S5)5 5B 4 g on | (el VAIVE 9 W IV cui a) g cnl 3 oy il ol
Ol S 4 el Jal 3 (g Jole (S s lalejl 090 Jgb 15 GV 53 OAMSB 35: oS s 4y 31> sl 3
ol & (Vo) ohlSan 5 il ()13 b awalio 1o (59) » oo s sl YIAR) (tmgdy ol )3 odoliussay 55)5 jlde oS 59 OV
olos o wob 1y 4055 ol idgs 03,8 pMlel g, 2 @pe o Bl MIVY 1)yl

2308 OB 55 V5T ol atyy o 0Nl o 5 Jal 5 S askea sla el ol g s Y Jd

bog ol ol Sadsy oo salolial s ad il s sl pleglls NG

Y5l (cm?/day) (cm) s+ (cm) Jsb (cm/day)

(mg/cm3day)
Y u'% Y/AQ YA/VY AARYAS YOAYY/Y LS O
AR ¥/AQ YANVAY A FIUOATYY s
LY ¥/AQ YANVAY A FIUOATY &

! Bennayan and Hoogenboom
? Willmott

® Palfy et al

* Toscano et al



| 9 (53908 (Paw ) SO, L (Samar SYU )3 b OIS I Jolone Slasla S5 Bl (g5l

3 Jde B a8 ol Ui gl .l odd 03yl (1) Jgdo pd (oxiyliel g (ol Jolye 13 Jae bl oolel slayasls polie
e 5 6 b sllas (3llao Sk g s Slupe (Sike pgdome Vb (sl oyt @ 2295 b o ol (gl 5 2l sl VU
@l bl sl yl)55 5 (295 slel 5l Jae gols (1A0Y) e 5 (gumels gaadl ool p Jleoad Jloy sllad Slaye (1Sl
5 s Slaye 5:Ske giome o8 L slos 3llae Sk Vb (e s 4 dagi b dig ol (sl VB 3 o)lel (slajaslis
> 48 3500 2512 JpB BB (V) iS5 (yguele (sanaib 4ty b oS Sl 035 Jloy glbS Slaype (5:Sike (izmen
sl (S0 GYB 90 & Cand (5508

G338 GBI 33 Jloes Silalr S gl s slizsl 5 zenily 55 o o3l 5 o] sla el ¥ J o

R NRMSE RMSE MAE D-index e
) (%) (mg/cm3) (mg/cm3) )
+/44Y A/AY /YA TOL! YV ol Al e oS O
+/491 /001 o/rYE oYY +/AVA elel A e
/444 YAYA YN /ey CJAYY il s e ool
/443 AV o /v +/0Yo0 eeolael al
/444 V/OAY ARV VARN </AAA il gl e g oS
/AN VE/AY /2 AY /474 S/VYO szl

Sl o giuae YU ailolus

S8l g (o390 OV )3 glusl ol colan (gl snslcunas polie ams o olis aals 881 OYE 5 1) vy cuolps ol (F) Joas
oo ododnlie ©olds .l (gilwans |y GYB 3 OGNSl by 5 (Sgpn )3, 5l e 390y Conl atsly Jae amd e ol
w55 9 Jib ndy L]l s Al Wl e 9508 9 (B oz )3 i g8 g JB Ol > 4 VB g0 o glidl o colun
M eSS s yu domiiyd g gl uﬂ Colin O.L,J Cawd & oS (gliwly 4D a5 Kol o 8908 OYU Lol L;)m L R
5 9wy dlio > ooy g (Job (opdy Hlinl oo polie liored Lol (ol (g3g0s GYU & Cons Yyl o 28 4 5
D (pro il B0 BV +) aiely jo oS

ujj‘ g.rvyu_)by‘,jiol_;&:.u Jﬂ.m‘,: C)ku‘ ".J‘:\’JC_»‘ Js gé:]}).\:.h u’.".““"b LSLAJ:-‘[)L} &Q%@Lﬁ k3 JJJ’

b s el Sty alolEl s gad il s Pl Gl NG
Y50 (cm2/day) (cm) s ,0 (cm) Jsb (cm/day)
(mg/cm3day)
GAYeevY Y/AQ 2 00 Yogqes oS Ok
AANEAD Y/AQ V¢ 00 Yotqe s
AT Y/AQ V¢ 00 Y0844 &

93 5 50 o (gilodnd 4 a5 aad e L oSl sdd odygl (B) Jodo 55 Ll GYE > Jse obs)) (oylel slayasls polie
oSl 5 s Slaye :Sibe pgiome o bid slad llao 5 Sibie Vb el s 2257 b s 5 (5 LS b g olS g s



WYR(Y)E VET ol 59 002 )3 48 by 5 (5,908 [3luleh 9 o005 |

2 Jhe €d> aa 51 oga slaisl lgie (VAAY) e 5 Gguusl (iuaind G p g3 e b g o 0l Jloy slad Sl

el Cawd 4 i ;503 Y 93 5l 5 cuiS cov 88l OV (gjluans

Al SOV 55 Jhowe lalr JS i lizel 5 (il s 55 Jde 23] (SOUT (slapasls gl .0 Jsr

R2 NRMSE RMSE MAE D-index N
) (%) (mg/cm3) (mg/cm3) )
/A4 A/+VA /eYE /ey /444 el s e LS Ok
/444 Y E/AYY o/ AY /4 VYO e slasl Al
+/44) 4/v4o g TV AL el g e & oS
+/44V VEYY Y2 3 VAL i e olasl - e
+/a4¢ LYataY% /et Yot +JAVA el Al e s oS
</AVY W/ /+4) VY YavN% sl Al

23 9 (53508 SLOYU 1> Jolowe Olols S ials wuo > (55w dmus

by 53939 A2 Jybro Sl JSe Copus (53908 5 (81 SlBVE 55 Jybro clials 5 20l dos Jso iyl 5]
2oy (A) B (F) slo JSi 50d dunlio odd (6,505l (claodly olul p oddamwlee plie b g 3,900 (o) pdiges (slajey ;> OYG

(%) Jodo 53 cpizrmen add o b olS 90 g lag olS (5 ol (g5l cuip 4 (g390e YL (0 1) oo cilbels ST ials
Sials b Jde 5:ke jobds a5 0y lis ol ol saiddl)] 88 5 sdg90e GV 3 Jolee clials IS ialS joyd 1SSle jboay
B 85 45 3905 3515 olS (> (o390 b (88 (YL )5 0dd (¢S 0jlul polie A s yioS Mo ¥ B Y Iy Jglo cliels S
ol ol GYB 5 Jabre cliols S ialS sy (1 SKhe odd (g puSojluil g J)Jﬁ polie e &S cwl Jb jo cpl el Jad
0y93 bawlgl )3 3590 B> a5 wmd o L5 ol (elyls YU 3 Joloe Clials JS LialS duoyd 355l Kg) b o3 (6 yidiy gl

by oledldye 3 55 g 55 33l 2 o U 5 ol 3l GBI L 5 c0y98 3 Lo)S

HYDRUS-2D Jus daw 5 o 3551 1 5 edaliin Jgloms Slialr JS 218 deoys (nKls ppolie =1 J g

LS
al.:? Qj.,\.; Q_u a\:§ u,wlbls Loy vYU
YENY YOTE VAT eddedalia s el
) ($3 308
YO/AV YA/YE ARVAY Jde ol b)‘pl}: ﬂau.n JAL,:\J,.:
VEAA N8R 10/80 edietalie polis Lol
3 sl
Vq/+0 Yo/\V \YA/OY Jde ol J))lﬁﬁ_:u.a u”’l"“‘)’




Bl g gd908 (b5 S 2 b (Soiuae YU 13 (e WS I Jglome Clsels J5 B (g 5lwans

P NN W Ww DS
o1 O o1 O 01 O

Joloe Clasls JS' pials ws )y
=
(S

W oo odalie M ouls 3)51){
146 152 215

125 140 1
inlejl 59y 0 loud

"éelt_s&,[’-LSJ)@PA..J\)UJJJPOL\AQ-‘FBMJ)"TJQJBML:'J#JUAJJL;JKMJJwuﬁ—-\‘};ﬁ

o o

W oo sdalie M ol 3)91)4

al [o2}
o O

D
o

Jole cliels JS yials o)y
N oW
o O

[any
o

o

146 152

125 131 140 187 215
oialel jg) oyl

l.¢'=3'algftg,b-Ls:r;g‘a\ll?):‘)_,buouﬁl?Jig.uajjﬁjmwdhlfwﬁwl&.\/‘}ib



V=Y ()€ V€Y O (559 0500 5 i puivgy (S (559L3 / 3y g sou )5 |

W oo odalie M o J)Jﬁ

125 131 140 146 152 187 215

oilejl 39y 0 leds

(9] o]
o o

B
o

Joloee Gliels S ials s>
N w
© o

-
o

o

222

.ltfuj.\:‘sa_,.:«u\ﬂiﬁd}m@lml?‘}sw;”ij}mbu:aliwpwmAJi.:

500l ey 5 L oL« J ol (sol> i i 4 (B8l sla YU o Jolone lawls> ST talS s ys (V) B (R) sla IS o
oD g Sloaalin polie ol i Jeloee Slasl> IS jrals as )y (1 Ske .ol ool &)l (g )ls paiges slayg, 5l (F
dlio . ild 0,91 5 i coodosalive polie (wlul p dcwlbre 4 Cas 0o, 3 O B Y o Jow a5 o oo Hlis (F Jguz)
S8 b soges sV jo (giluacs as ols las a8l 5 goges oYU o Jole Olasl> IS pals vs o (1 Sls
il L 5 5 olalS ade) @95 5 B85 - 0y0p il Cod Wie 45 b plal (B SV & e (5t
@ rred g i Giledned 50 (5 -t A Hhedl b i eles mhae Jdo 4 (8 Gl oVB o 4S5 sba
Bl 4y, 8l by 5 ais S 18 3l Cod Wiioe Aty S35e8 @35 (50908 4 Lo (Bl (SlaCVL S1eS Gee s

A5k ool



Bl g gd908 (b5 S 2 b (Soiuae YU 13 (e WS I Jglome Clsels J5 B (g 5lwans

W oons odnlie M o0 .!)5])4

N W W B
v O Uu1 O

=
(6]

Jolses cliels JS yials o)y
[ N
S o

(]

o

86 140 146 152 196 208 215 222 229

inlejl 59y 0 loud

u;.lcfwla-uiél;,Nl:,.ad,l,uou-lq-qu.:;”u,ml.:.ndhlfuﬁqw.‘\Ji.:

Woons odalie M o0 J)jix

86 131 140 146 196 208 229

ool ) osled

N w
(6] o

N
o

Jsbre lisls IS ials woys
= =
o

a1

15 oS (gal- 8 VG 55 J glome il IS 0 3350 1 5 etalin 2 Ao po degli N+ S5



WY (F)E VEeT O 59 0,20 53 s 510 (5,908 [ llgi 5 o005 |

W oo odalie M o 3)91);.

Joles wlials JS yials wo )y
BN WSO N ©
OO0 o oo o oo

o

86 131 140 152 196 208 215 229

Oislejl ) 0)les
ol:gi)JJgL}é\y&u)ad‘}l’uQ‘JA\P:JSA.\JA)JL{JA..\AW&AKMJJWGA.“ Ji“:'
& y

(imag ol 50 2psl sl 1y OIS Sl saoe eolitial g 35 CublB o JSal) lsisdr (YLelS b S 50 (osias oYL
cod 8l 5 53900 (o (Esian VB able 3Slas (giluand (egian GOVE Cople 5 (S sl dneg by
3905 ) SBOVE Cilo ) L 15 oy HYDRUS-2D s Lot sy yae oMl s 15 i g 5 ol g0 o
P M I Jlomo Claole IS (6550310l g (5 lopiges a4y pladl A+ 550,08 5 IYAR 3l )90 (o g cutS i g (5 plalS o881
b ool bl (el sl 51 oolial b oxtusylie) g oxtoly aloyo 55 )3 Jhe €83 o)) ok VB Lasgs 05shass g
6 5 42

Lwg oad 3,90 5 bl ol colin Jlade duslio g b odlitwl yio Juo YO B Jhad b slae sy Siw | oYU jws glp (g opl
b5 A5b asly i (Sgys Slaogas I wlio 9]y Cul atuslys Joe a8 3y LS i slaimgi LHYDRUS-2D s
& g b ol IS0 o3l Jlasl slayiell g9y 2 @Y 53 GBI L 53308 (L £5 9 @8 9 IS g 02Kk dwtin o8 2 s
b it s oV o & G (5 CulS ot eginn Y > Jgbno clisls JS wass polie ccolel ol o) ol
CoblB Jae a5 0y i wypdyge OV dw I Sopn pd Jde Suuwslisl Jalhe 5 bl ola yasls wcuily sad (g puSojll ol
ol OYB > awdas (b anT)s 53 ol 5l ookl cubll (glizo 40 45 5l Jolxe Slsels JS g oMol 8 o (g5lodunsd (gly (camlio

P g b

S agal ui;"lnﬂ syl oKl O")J wald gly cudy cod OB S dhas 5 oS il OB ;‘j Syl bl
D9 oo () Sl (5



9 (53908 (Paw ) SO, L (Samar SYU )3 b OIS I Jolone Slasla S5 Bl (g5l

FaL%)

https:// doi.org/10.22112/JWWSE.2020.214377.1180.0-Y) ()&

https:// doi.org /10.292.52/Jstnar.23.2.115/. )10\ (V)YY .SB ¢ Gl pole .54 law

References

Allen, R. G., Pereira, L. S., Raes D., & Smith, M. (1998). Crop evapotranspiration-Guidelines for
computing crop water requirements-FAO Irrigation and drainage paper 56. FAO, Rome 300, D051009.
https://doi.org/10.1007/978-981-10-3084-0_13

Anand, S., Bharti, S. K., Dviwedi, N., Barman, S. C., & Kumar, N. (2017). Macrophytes for the
reclamation of degraded waterbodies with potential for bioenergy production. Phytoremediation
Potential of Bioenergy Plants, 333-351. https://ouci.dntb.gov.ua/en/works/4M8gjLb7/

Bakhshoodeh, R., Alavi, N., Oldham, C., Santos, R. M., Babaei, A. A., Vymazal, J., & Paydary, P.
(2020). Constructed wetlands for landfill leachate treatment: A review. Ecological Engineering, 146,
105725. https://doi.org/10.1016/j.ecoleng.2020.105725

Bannayan, M., & Hoogenboom, G. (2009). Using pattern recognition for estimating cultivar coefficients
of a crop simulation model. Field Crop Research, 11(3), 299-302.
https://doi.org/10.1016/j.fcr.2009.01.007

Chen, Y. Y., Sun, P, Chen, G. L., & Wang, N. N. (2015). A contrastive study on salt-alkaline resistance
and removal efficiency of nitrogen and phosphorus by Phragmites australis and Typha angustifolia in
coastal estuary area. Huan Jing ke Xue= Huanjing Kexue, 36(4), 1489-1496.
https://pubmed.ncbi.nlm.nih.gov/26164931/

Alexandratos, N.; & Bruinsma, J. (2012). World agriculture towards 2030/2050: the 2012 revision. Food
and Agriculture Organization of the United Nations (FAO). https://doi.org/10.22004/ag.econ.288998

Jamieson, P. D., Porter, J. R., & Wilsin, D. R. (1991). A test of the computer simulation model
ARCWHEAT1 on wheat crop grown in New Zealand. Field Crop Research, 27, 337-350.
https://doi.org/10.1016/0378.4290(91)90040-3

Gholipour, A., Zahabi, H., & Stefanakis, A. 1. (2020). A novel pilot and full-scale constructed wetland
study for glass industry  wastewater  treatment. = Chemosphere, 247,  125966.
https://doi.org/10.1016/j.chemosphere.2020.125966

Hosseini, H.R., & Ghodsian M, (2011). Wetlands their benefits and disadvantages, Proceedings of the2th
PublicConference of Application Usage Researches, May 18-19, Zanjan, Iran.

Hussein, A., & Scholz, M. (2017). Dye wastewater treatment by vertical-flow constructed wetlands.
Ecological Engineering, 101, 28-38. https://doi.org/10.1016/j.ecoleng.2017.01.016

Kadlec, R.H., & Wallace, S.D. (2009). Treatment Wetlands, 2nd ed. CRC Press, Boca Raton, FL.
https://sswm.info/sites/default/files/reference_attachments/KADLEC%20WALLACE%202009%20Treatment%
20Wetlands%202nd%20Edition_0.pdf

Lippmann, T. J., Heijmans, M. M., Van der velde, Y., Dolman, H., Hendriks, D. M., & Van huissteden,
K. (2023). Peatland-VU-NUCOM (PVN 1.0): Using dynamic PFTs to model peatland vegetation,
CH4 and CO2 emissions. Geoscientific Model Development Discussions, 16(22): 6773-6804.
https://doi.org/10.5194/gmd-16-6773-2023


https://doi.org/10.1016/0378.4290(91)90040-3

WYR(Y)E VET ol 59 002 )3 48 by 5 (5,908 [3luleh 9 o005 |

Martin, E. J., & Martin, E. T. (1991). Technologies for small water and wastewater systems. 1th ed, John
Wiley and Sons, Inc, New York. 366.
https://books.google.com/books/about/Technologies_for_Small_Water_and_Wastewa.htmI?id=PVR4QgAACA
Al

Okhravi, S., & Eslamian, S. (2020). Constructed Wetland, Challenge-Approach-Design. Journal of Water
and Wastewater Science and Engineering, 5(3), 5-21. http://doi.org/10.22112/jwwse.2020.214377.1180. [In
Persian]

Palfy, T.G. & Langergraber, G. (2014). The verification of the Constructed Wetland Model No. 1
implementation in HYDRUS using column experiment data. Ecological Engineering, 68, 105-115.
https://doi.org/10.1016/j.ecoleng.2014.03.016

Palfy, T. G., Molle, P., Langergraber, G., Troesch S., Gourdon R., & Meyer, D. (2016). Simulation of
constructed wetlands treating combined sewer overflow using HYDRUS/CW2D. Ecological
Engineering, 87: 340-347. https://doi.org/10.1016/j.ecoleng.2015.11.048

Rahi, M.A., Faisal, A. A.H., Naji, L.A., Almuktar, S. A., Abed, S.N., & Scholz, M. (2020). Biochemical
performance modelling of non-vegetated and vegetated vertical subsurface-flow constructed wetlands
treating municipal wastewater in hot and dry climate. Journal of Water Process Engineering, 33,
101003. https://doi.org/10.1016/j.jwpe.2019.101003

Raude, J. M., Mutua, B. M., & Kamau, D. N. (2018). Simulation of the hydraulics and treatment
performance of horizontal subsurface flow constructed wetland treating greywater. International of
Ecotoxicology and Eco biology, 3 (2), 40-55. https://doi.org/10.11648/j.ijee.20180302.12

Rizzo, A. G., Langergraber, A., Galvao, F. Boano, R., & Revelli, L. (2014). Modelling the response of
laboratory horizontal flow constructed wetlands to unsteady organic loads with HYDRUS-CWML1.
Ecology Engineering, 68, 209-213. https://doi.org/10.1016/j.ecoleng.2014.03.073

Saeed, T., & Sun, G. (2012). A review on nitrogen and organics removal mechanisms in subsurface flow
constructed wetlands: dependency on environmental parameters, operating conditions and supporting
media. Journal of environmental management, 112, 429-448.
https://doi.org/10.1016/j.jenvman.2012.08.011

Seidel, K., (1955). Die Flechtbinse: Okologie, Morphologie und Entwicklung, ihre Stellung bei den
Volkern und  ihre  wirtschaftliche  Bedeutung.  Schweizerbart,  Stuttgart, = Germany.
https://doi.org/10.1002/JPLN.19560720110

Seidel, K. (1961). Zur Problematik der Keim-und Pflanzgewadsser. Internationale Vereinigung fir
theoretische  und  angewandte  Limnologie:  Verhandlungen, 14  (2), 1035-1043.
https://doi.org/10.1080/03680770.1959.11899410

Seidel, K. (1964). Abbau von bacterium coli durch héhere wasserpflanzen. Naturwissenschaften, 51.
https://doi.org/10.1007/BF00637265

Seidel, K. (1966). Reinigung von Gewassern durch hohere Pflanzen. Naturwissenschaften, 53 (12), 289-
297. https://doi.org/10.1007/BF00712211

Simunek, J., Sejna, M., & Van Genuchten, M. (1999). The HYDRUS-2D software package for simulating
two-dimensional movement of water, heat and multiple solutes in variably saturated media. Version
2.0. International Ground Water Modeling Center, Colorado School. Colorado.
https://www.researchgate.net/publication/236901785.

Sheykhan, A., Shayannejad, M., & Arab-Nasrabadi, V. (2019). Performance Review of Hybrid
Subsurface Constructed Wetlands in Urban Wastewater Supplementary Treatment. Journal of Water
and Soil Science; 23 (2):115-126. http://doi.org/10.29252/jstnar.23.2.115 [In Persian]


https://doi.org/10.1016/j.jwpe.2019.101003
https://doi.org/10.1016/j.ecoleng.2014.03.073

9 (53908 (Paw ) SO, L (Samar SYU )3 b OIS I Jolone Slasla S5 Bl (g5l

Sperling, M. V. (1996). Comparison among the most frequently used systems for wastewater treatment in
developing countries. Water Science and Technology, 33(3), 59-72. https://doi.org/10.1016/0273-1223
(96)00301-0

Toscano, A., Langergraber, G., Consoli, S., & Cirelli, G. L. (2009). Modelling pollutant removal in a
pilot-scale two-stage subsurface flow constructed wetlands. Ecological Engineering, 35 (2), 281-289.
https://doi.org/10.1016/j.ecoleng.2008.07.011

Vymazal, J., & Kropfelova, L. (2008). Wastewater treatment in constructed wetlands with horizontal sub-
surface flow. Springer science & business media. https://doi.org/10.1007/978-1-4020-8580-2

Upadhyaya, A. K., Singhc, N. K., Bankotib, N. S., & Rai, U. N. (2017). Designing and construction of
simulated constructed wetland for treatment of sewage containing metals. Environmental Technology,
38 (21), 2691-2699. https://doi.org/10.1007/978-1-4020-8580-2

Willmott, C. J. (1982). Some comments on the evaluation of model performance. Bulletin of the
American Meteorological Society, 63 (11), 1309-1313. http://doi.org/10.1175/1520-0477


https://doi.org/10.1016/0273-1223

