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ABSTRACT

A number of models are available to measure iniltration in agricultural ields; however, their applicability is site speciic. It 
is not easy to choose an adequate model to estimate iniltration at a particular agricultural ield. In this study, ten different 
iniltration models have been used for the estimation of iniltration rate in data scarce Muda Irrigation Scheme, the largest 
paddy ield in Malaysia. The model parameters are estimated from soil characteristics, secondary data and literature. The 
estimated iniltration rates by the models are compared with the measured iniltration rates in order to assess the suitability 
of the models in the paddy ield of Malaysia. The results show that the iniltration rate estimated by physically based Smith-
Parlange nonlinear model is very close to the observed rate. Mean monthly iniltration rate estimated by Smith-Parlange 
model is 0.098mm with a maximum 0.227mm during December to March and a minimum 0.005mm in May and August. 
All other methods are found to overestimate the iniltration rate. Though the performance of the models is assessed 
based on results obtained using limited data and secondary information, it is expected that the research will help select 
the right model to estimate iniltration, which is highly important for irrigation management especially in paddy ields. 
 

Keywords: Iniltration Model, Iniltration Rate, Muda Irrigation Scheme, Malaysia, Paddy Field.

1.0	 INTRODUCTION
Ini‘trati“n is the ”r“cess “f water entry fr“’ the gr“und surface 
int“ the s“i‘ fr“’ rainfa‘‘, sn“w’e‘t, and irrigati“n (H“user, 2005). 
Ini‘trati“n and s“i‘ water ’“ve’ent ”‘ay a key r“‘e in surface 
run“ff (W““d et al., 1986; Winche‘‘ et al., 1998), gr“undwater 
recharge (Shanaie‘d and C““k, 2014), eva”“trans”irati“n 
(C“rd“va and Bras, 1981; Kirchner et al., 2008), s“i‘ er“si“n (Yu 
et al., 2003), and trans”“rt “f che’ica‘s in surface and subsurface 
water (G“vindaraju, 1996). The abi‘ity t“ quantify ini‘trati“n is 
“f great i’”“rtance in watershed ’anage’ent (Z“‘faghari et al., 

2012). Accurate esti’ati“n “f ini‘trati“n is required t“ i’”r“ve 
run“ff esti’ati“n, using hydr“‘“gic ’“de‘s “r ”“‘‘uti“n ‘eaching 
“r s“‘ute trans”“rt thr“ugh sub-surface ’edia (Ru’ynin, 2011). 
By understanding the variati“n “f ini‘trati“n rates a‘“ng with the 
variati“n in surface c“nditi“ns, ’easures can be taken t“ increase 
ini‘trati“n rates, which he‘”, f“r exa’”‘e, reduce er“si“n and 
l““ding caused by “ver‘and l“w (EPA, 1992).

Quantiicati“n “f ini‘trati“n is a‘s“ necessary t“ assess the 
avai‘abi‘ity “f water f“r cr“” gr“wth and t“ esti’ate the a’“unt 
“f additi“na‘ water needed fr“’ irrigati“n (Br“uwer et al., 1989). 
If water is ”“nded “n the surface, the ini‘trati“n “ccurs at the 
”“tentia‘ ini‘trati“n rate (Wi‘kie, 1999). Theref“re, ini‘trati“n 
rate in ”addy ie‘ds is high due t“ ”“nding “f water “n the surface 
(Wi‘kie, 1999).

Because “f the funda’enta‘ r“‘e “f ini‘trati“n in surface and 
subsurface hydr“‘“gy, irrigati“n and agricu‘ture, ini‘trati“n has 
received a great dea‘ “f attenti“n fr“’ s“i‘ and water scientists, 
and a ‘arge nu’ber “f ’“de‘s f“r its c“’”utati“n have been 
deve‘“”ed. Ini‘trati“n ’“de‘s can be c‘assiied, in genera‘, int“ 
three gr“u”s, na’e‘y, (i) ”hysica‘‘y based, (ii) se’i-e’”irica‘, 
and (iii) e’”irica‘. Obvi“us‘y, there are a ‘arge nu’ber “f 
ini‘trati“n ’“de‘s but their suitabi‘ity in rea‘ ‘ife ”r“b‘e’s is 
n“t “bvi“us. The d“wnward l“w rate “f water thr“ugh s“i‘ is 
g“verned by the saturated c“nductivity “f the s“i‘ ‘ayer (Liu et 

al., 2001; Huang et al., 2012). The rate “f ini‘trati“n is affected 
by s“i‘ characteristics (s“i‘ texture, structure and te’”erature), 
‘and c“ver (vegetati“n ty”es and c“ver), st“rage ca”acity, 
rainfa‘‘ intensity and trans’issi“n rate thr“ugh the s“i‘. Hence, 
the suitabi‘ity “f a ’“de‘ under given c“nditi“n is n“t a‘ways 
evident. S“’e c“’”arative studies have indicated that the 
Green-A’”t ty”e ’“de‘s ”erf“r’ better than the curve-nu’ber 
’“de‘ in ”redicting ini‘trati“n fr“’ catch’ent run“ff v“‘u’es 
(Chahinian et al., 2005; Van Mu‘‘e’, 1991). Mishra et al., 
(2003) c“’”ared the ”erf“r’ance “f f“urteen ”hysica‘‘y based, 
se’i-e’”irica‘, and e’”irica‘ ini‘trati“n ’“de‘s, inc‘uding the 
Green-A’”t and H“rt“n ’“de‘s and c“nc‘uded that the H“rt“n 
’“de‘ ”erf“r’s signiicant‘y better than the Green-A’”t ’“de‘. 
The ab“ve studies ”“inted “ut that deter’ining the suitabi‘ity “f 
ini‘trati“n ’“de‘s require testing with ie‘d data.
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In the ”resent study ten ini‘trati“n ’“de‘s have been used 
f“r the esti’ati“n “f ini‘trati“n in the Muda Irrigati“n Sche’e, 
which is c“nsidered as the ‘argest ”addy ie‘d “f Ma‘aysia. The 
’“de‘s used in this study are due t“ Green and A’”t (1911), 
S“i‘ C“nservati“n Service (SCS, 1972), H“rt“n (1940), H“‘tan 
(1961), Phi‘i” (1957), Singh and Yu (1990), Mishra and Singh 
(2002), S’ith and Par‘ange (1978) Linear and N“n‘inear, and 
M“re‘-Seyt“ux (1978). Many “f these ’“de‘s distinguish 
between the actua‘ infi‘trati“n rate, f, and the ”“tentia‘ 
infi‘trati“n rate, f

p
, which is equa‘ t“ the ini‘trati“n rate when 

water is ”“nded at the gr“und surface. Thus, the ai’s “f this 
study are t“ (i) use vari“us ini‘trati“n ’“de‘s t“ esti’ate 
ini‘trati“n rate as a ”art “f irrigati“n water ’anage’ent the 
Muda Irrigati“n Sche’e “f Ma‘aysia and (ii) c“’”are the 
”erf“r’ance “f vari“us ini‘trati“n ’“de‘s in “rder t“ ”r“”“se 
the suited ’“de‘(s) f“r the area. The Muda Irrigati“n Sche’e 
acc“unts f“r ab“ut 40% “f t“ta‘ rice ”r“ducti“n in the c“untry 
(Tuki’at et al., 2012). Accurate esti’ati“n “f ini‘trati“n is very 
essentia‘ f“r water res“urces ”‘anning and ’anage’ent in the 
sche’e.

The agricu‘tura‘ catch’ents “f Ma‘aysia are ”““r‘y gauged. 
In ’“st “f the cases, en“ugh inf“r’ati“n is rare‘y avai‘ab‘e f“r 
hydr“‘“gica‘ ’“de‘ ca‘ibrati“n. This is es”ecia‘‘y true f“r the 
Muda Irrigati“n Sche’e, where en“ugh data were n“t avai‘ab‘e 
f“r ’“de‘ ca‘ibrati“n. Hence, the “bjective “f the ”resent study 
was t“ test rather si’”‘e unca‘ibrated ’“de‘s in esti’ating 
h“ur‘y ini‘trati“n rate in the area. The ’“de‘ ”ara’eters were 
esti’ated fr“’ ”hysica‘ characteristics “f s“i‘ and ‘iterature.

In the f“‘‘“wing secti“ns “f the ”a”er, a brief descri”ti“n 
“f the study area and the data used f“r the study are given. This 
f“‘‘“ws the ’eth“d“‘“gy secti“n where a‘‘ the ten ’“de‘s used 
in the study are described. The a””‘icati“n “f the ’“de‘s t“ the 
Muda Irrigati“n Sche’e t“ esti’ate ini‘trati“n rate is discussed 
thereafter. The “btained resu‘ts are then c“’”ared t“ identify the 
’“st suitab‘e ’“de‘(s) f“r ’easuring ini‘trati“n rate in the study 
area. Fina‘‘y, s“’e c“nc‘usi“ns are drawn based “n the indings 
“f the study.

2.0	 STUDY	AREA	AND	DATA
The Muda Irrigati“n Sche’e c“vers a t“ta‘ gr“ss area “f 126,000 
ha, “ut “f which ab“ut 97,000 ha is under the d“ub‘e cu‘tivati“n 
“f ”addy (MADA, 1977). It is the ‘argest d“ub‘e cr“””ing area 
in Ma‘aysia. The ’a” “f the area is sh“wn in Figure 1. The area 
is ‘“cated at ab“ut 5045/ ~6030/ N ‘atitude and 100010/ ~100030/ 
E ‘“ngitude in the vast a‘‘uvia‘ Kedah-Per‘is P‘ain “f ab“ut 
20k’ wide and 65k’ ‘“ng between the f““thi‘‘s “f the Centra‘ 
Range and the Straits “f Ma‘acca. The area is genera‘‘y lat with 
s‘“”es varying fr“’ 1 in 5000 t“ 1 in 10000. The a‘titude varies 
between 4.5 ’ in the in‘and fringe and 1.5 ’ ab“ve ’ean sea 
‘eve‘ in the c“asta‘ area (MADA, 1977).

The s“i‘ in the Kedah-Per‘is “f Ma‘aysia c“nsists “f heavy 
c‘ay. The ’aj“rity “f their ”arent ’ateria‘s c“nsist “f ’arine 
sedi’ents de”“sited during the rise in sea ‘eve‘. Whi‘e the ‘and 
efl“rescence carried t“ the sea had been de”“sited “n the sea-
bed, these sedi’ents were re”‘enished with base and si‘icic acid, 
and are rich in ’inera‘ and che’ica‘ substances (Furukawa, 
1976). The s“i‘s bec“’e very hard and c“’”act during the 
n“n-irrigati“n ”eri“d, and they crack ’arked‘y. When saturated 
with water, the cracks are i‘‘ed u” due t“ swe‘‘ing and s‘aking 
”hen“’ena and their ”er’eabi‘ity decreases ra”id‘y.

Parameter Month
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

*Rainfa‘‘, P 

(’’ ’“nth-1)
20.6 52.4 102.1 184.0 236.7 169.3 210.3 237.5 310.5 287.5 197.8 77.7

*E‘e’entary area, 
ω (%)

9.01 34.75 49.78 84.26 100.00 77.18 97.86 100.00 91.79 97.65 98.32 43.78

**Rainfa‘‘ 
Intensity (c’ h-1)

2.033 2.033 2.033 2.033 2.033 2.033 2.033 2.033 2.033 2.033 2.033 2.033

Hydrau‘ic C“nductivity, 
K (c’ h-1)

0.0288 0.0208 0.0161 0.0053 0.0004 0.0075 0.0010 0.0004 0.0029 0.0011 0.0009 0.0179

P“r“sity, η 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46
ψ  (c’) 156.62 156.62 156.62 156.62 156.62 156.62 156.62 156.62 156.62 156.62 156.62 156.62

Ti’e ste”, t = 1 h 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
ș
e

0.371 0.371 0.371 0.371 0.371 0.371 0.371 0.371 0.371 0.371 0.371 0.371
șr = η - ș

e
0.090 0.090 0.090 0.090 0.090 0.090 0.090 0.090 0.090 0.090 0.090 0.090

Se  (0≤ se ≤ 1) 0.090 0.090 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.738
∆ș = (1≤ s

e
) ș

e
0.3378 0.3378 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0973

CRC 0.71 0.71 0.71 0.71 0.71 0.711 0.71 0.71 0.71 0.71 0.71 0.71
F (t), c’ 1.490 1.260 0.045 0.023 0.006 0.030 0.010 0.006 0.020 0.010 0.009 0.630

Ini‘trati“n rate, f 
(’’ h-1)

7.481 6.348 0.262 0.133 0.027 0.157 0.050 0.027 0.081 0.053 0.047 3.214

* Observed Data (Source: Muda Agricultural Development Authority, Alor Setar, Kedah, Malaysia)
** Rainfall Intensity (Al-Mamun and Hashim, 2004)

Table 1: Step-by-Step Procedure of Calculating Iniltration Using Green-Ampt Model.

Figure 1: GIS Digitized Muda Irrigation Scheme in Kedah, Malaysia
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3.2	 Green-Ampt	Model
The Green and A’”t ’“de‘ (1911) is an a””r“xi’ate the“ry-
based ini‘trati“n ’“de‘ uti‘izing Darcyŏs ‘aw. The Green-A’”t 
equati“n f“r cu’u‘ative ini‘trati“n F can be “btained as

where, Ψ is the Green-A’”t wetting fr“nt sucti“n ”ara’eter, 
K is the hydrau‘ic c“nductivity “f s“i‘, Δș is the change in 
’“isture c“ntent.

Once F is f“und fr“’ Eq. (2), the ini‘trati“n rate, f = dF / dt, 
can be “btained fr“’

After ‘ab“rat“ry tests “f ’any s“i‘ sa’”‘es, Br““ks 
and C“rey (1964) c“nc‘uded that ψ can be ex”ressed as a 
‘“garith’ic functi“n “f an effective saturati“n, S

e
. If the residua‘ 

’“isture c“ntent “f the s“i‘ after it has been th“r“ugh‘y drained 
is den“ted by ș

r
 , the effective saturati“n is the rati“ “f the 

avai‘ab‘e ’“isture ș−șr t“ the ’axi’u’ ”“ssib‘e avai‘ab‘e 
’“isture c“ntent Ș–șr:

where, Ș is the t“ta‘ ”“r“sity and ș is ’“isture c“ntent.
The  effective saturati“n has the range 0 ≤ѕe ≤1.0, ”r“vided that 
șr≤ș≤Ș. F“r the initia‘ c“nditi“n, when ș = și, cr“ss-’u‘ti”‘ying 
Eq. (4) gives și – 

șr= S
e
șe, and the change in the moisture content 

when the wetting front passes is Δș = Ș –
 
și = Ș– (S

e
șe +  șr); theref“re 

 The s“i‘ ”“r“sity (t“ta‘ v“‘u’e “ccu”ied by ”“res ”er unit 
v“‘u’e “f s“i‘) is c“’”uted fr“’ bu‘k density and ”artic‘e 
density (n“r’a‘‘y assu’ed t“ be equa‘ t“ 2.65 g c’-3) as f“‘‘“ws:

where, BD is the s“i‘ bu‘k density (g c’-3), and PD is the 
”artic‘e density (g c’-3). If the cati“n-exchange ca”acity “f the 
c‘ay (an indicat“r “f the shrink-swe‘‘ ca”acity “f the c‘ay) is 
avai‘ab‘e, the bu‘k density at the water c“ntent f“r 33 kPa tensi“n 
can be esti’ated as

where, S is the ”ercent sand, C is the ”ercent c‘ay, OM is the 
”ercent “rganic ’atter [1.7 (”ercent “rganic carb“n)], and CEC 
ranges fr“’ 0.1-0.9.

The ψ va‘ue can be “btained fr“’ the s“i‘ ”r“”erties by the 
f“‘‘“wing equati“n (Raw‘s and Brakensiek, 1983):

The Br““ks-C“rey residua‘ water c“ntent șr can be esti’ated 
fr“’

The s“i‘ in the area is genera‘‘y heavy ’arine c‘ay ty”e and 
the c“eficient “f ”er’eabi‘ity varies fr“’ 1x10-7 t“ 8x10-5c’ 
s-1. The ”hysi“-che’ica‘ ”r“”erties “f subs“i‘s “f the Muda ”‘ain 
f“r Chengai s“i‘ series ty”e used in this study were: 62% c‘ay, 
27% si‘t, 0.3% carb“n, 0.05% nitr“gen, 10.7% sand, and 0.28 
CEC (rati“ “f cati“n-exchange ca”acity “f c‘ay t“ ”ercent c‘ay) 
(Para’ananthan, 1989). The annua‘ rainfa‘‘ in the study area is 
c“’”arative‘y high, but n“t even‘y distributed thr“ugh“ut the 
year because “f the tr“”ica‘ ’“ns““n c‘i’ate.

The ‘“ng-ter’ (1971-97) ’ean ’“nth‘y “bserved rainfa‘‘ 
fr“’ 53 rainfa‘‘ stati“ns ‘“cated in and ar“und the study area were 
used in this study. The “bserved t“ta‘ existing water fr“’ the 
ti’e ”eri“d 1991-97 in each ininitesi’a‘ area f“r dry (February-
Ju‘y) and wet (August-January) cr“” seas“ns was c“nverted t“ 
’“isture c“ntent (%) and averaged. The va‘ues were then used 
as in”ut t“ the ’“de‘s used in this study. The ”r“bab‘e ’axi’u’ 
s“i‘ ’“isture c“ntent in the study area is 85’’ f“r 100% s“i‘ 
saturati“n (Kita’ura, 1987).

The irrigati“n sche’e was divided int“ 172 irrigati“n b‘“cks. 
Kita’ura (1990) ’easured see”age and ”erc“‘ati“n ‘“ss at an 
irrigati“n b‘“ck na’ed SCRBD5b (centra‘ cana‘ right bank drain 
5b) situated in the s“uth-western ”art “f the Muda Irrigati“n 
Sche’e area. This data has been used in the ”resent study as 
the “bserved data. Kita’ura (1987; 1990) “bserved the average 
see”age and ”erc“‘ati“n ‘“ss during ”addy gr“wth stage in the 
area as 0.9 ’’ d-1. MADA (1977) and Te“h and Chua (1989) 
’easured the average see”age and ”erc“‘ati“n ‘“ss during ”addy 
gr“wth stage as 1 ’’ d-1. T“ ’easure ”erc“‘ati“n, the Ŏquick 
”erc“‘ati“n ’easuring a””aratusŏ was used. The rainfa‘‘ intensity 
and the “ther data used in this study are given in Tab‘e 1.

3.0	 MODELING	APPROACH
Ten ini‘trati“n ’“de‘s, na’e‘y, Green and A’”t, SCS, H“rt“n, 
H“‘tan, Phi‘i”, Singh-Yu, Mishra-Singh, ‘inear S’ith-Par‘ange, 
n“n‘inear S’ith-Par‘ange and M“re‘-Seyt“ux ’“de‘s were used 
in the ”resent study t“ assess their ”erf“r’ance in esti’ating 
the surface run“ff in the Muda Irrigati“n Sche’e. The ’“de‘s 
used in the ”resent study can be c‘assiied int“ three c‘asses: 
”hysica‘‘y based ’“de‘ (e.g., Green and A’”t, 1911; M“re‘-
Seyt“ux, 1978; Phi‘i”, 1957; S’ith and Par‘ange, 1978), se’i-
e’”irica‘ ’“de‘s (e.g., Mishra and Singh, 2002; and Singh and 
Yu, 1990), and e’”irica‘ ’“de‘s (e.g., H“‘tan, 1961; H“rt“n, 
1940; SCS, 1972). A brief descri”ti“n “f each ’“de‘ is ”r“vided 
be‘“w.

3.1	 General	Hydrologic	Budget
The genera‘ hydr“‘“gic budget with a‘‘ the c“’”“nents is sh“wn 
in Eq. (1). When a‘‘ “ther variab‘es exce”t the ini‘trati“n are 
kn“wn, then the ini‘trati“n rate can be c“’”uted using the 
f“‘‘“wing equati“n:

where, W (t + ∆t)  is the s“i‘ ’“isture c“ntent at ti’e t + ∆t ; 
W (t)  is the s“i‘ ’“isture c“ntent at ti’e t; P(t, t + ∆t) is the aeria‘ 
”reci”itati“n; ETp (t, t + ∆t) is the ”“tentia‘ eva”“trans”irati“n;   
R(t, t + ∆t) is the run“ff; F(t,t + ∆t) is the ini‘trati“n ‘“ss t“ 
gr“undwater; SȚ(t,t + Δt) is the see”age ‘“ss; and IR (t, t + ∆t) is 
the irrigati“n a’“unt su””‘ied between t and t+∆t, res”ective‘y.

[1]                           

[2]                  

[3]                                                            

[6]

[7]    

[8]    

[4]                      

[5]    

[9]    
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where, S
p
 is the s“i‘ st“rage ca”acity. The ini‘trati“n rate, f, 

can be derived fr“’ Eq. (15) by differentiati“n,

Instead “f s”ecifying S
p
 direct‘y, a curve nu’ber, CN, is 

usua‘‘y s”eciied where CN is re‘ated t“ S
p
 by

where, S
p
 is in ’’. C‘ear‘y, in the absence “f avai‘ab‘e 

st“rage (S
p
 = 0, i’”ervi“us surface) the curve nu’ber is equa‘ 

t“ 100, and f“r an ininite a’“unt “f st“rage the curve nu’ber 
is equa‘ t“ zer“.

3.5	 Philip	Model
Phi‘i”'s Tw“-Ter’ equati“n (Phi‘i”s, 1957) is a truncated ”“wer 
series s“‘uti“n that c“u‘d be used as an ini‘trati“n ’“de‘. The 
equati“n is

where, f is in c’ h-1, t is ti’e f“r ”“nding (h), S
v
 is the 

s“r”tivity (LT-0.5), K
s
 is in c’ h-1), and S

v
 can be a””r“xi’ated 

using the f“‘‘“wing equati“n deve‘“”ed by Y“ungs (1964):

The K
s
 can be esti’ated fr“’ (Br““ks and C“rey, 1964):

where n= 3 + 2 / λ, and the Br““ks-C“rey ”“re-size 
distributi“n index, λ can be esti’ated fr“’

3.6	 Singh-Yu	Model
Singh and Yu (1990) derived a ’“de‘ based “n tw“ ”“stu‘ates, 
na’e‘y, (i) the rate “f ini‘trati“n in excess “f the ina‘ ini‘trati“n 
rate, ca‘‘ed excess ini‘trati“n, at any ti’e is direct‘y ”r“”“rti“na‘ 
t“ the ’th ”“wer “f the avai‘ab‘e st“rage s”ace in the s“i‘ c“‘u’n 
at that ti’e, and (ii) the rate “f excess ini‘trati“n is inverse‘y 
”r“”“rti“na‘ t“ the nth ”“wer “f the cu’u‘ative ini‘trati“n u” t“ 
that ti’e. This ’“de‘ is ex”ressed ’athe’atica‘‘y as,

where, f(t) is the ini‘trati“n rate (LT-1) at ti’e t, f
c
 is the 

ina‘ ini‘trati“n rate (LT-1), S(t) is the avai‘ab‘e st“rage f“r water 
retenti“n in the s“i‘ c“‘u’n at ti’e t (L), S

0
 is the ”“tentia‘ 

st“rage s”ace avai‘ab‘e f“r ’“isture retenti“n in s“i‘ c“‘u’n 
at the beginning (L), and a, m, and n are the c“eficient and 
ex”“nents “f the variab‘es S(t) and (S

0
 - S(t)), res”ective‘y. The 

cu’u‘ative ini‘trati“n F is equa‘ t“ (S
0
 - S(t)).

The area, bare “utside can“”y, was assu’ed t“ be crusted 
and the effective hydrau‘ic c“nductivity was c“nsidered equa‘ t“ 
the saturated hydrau‘ic c“nductivity K

s
 ti’es a crust fact“r CRC. 

Raw‘s et al., (1990) deve‘“”ed the f“‘‘“wing re‘ati“nshi” f“r the 
crust fact“r:

where, SC = c“rrecti“n fact“r f“r ”artia‘ saturati“n “f the 
s“i‘ = 0.736 + 0.0019S; ψi = ’atric ”“tentia‘ dr“” at the crust-
subcrust interface = 45.19 – 46.68 (SC), c’; and L = wetting 
fr“nt de”th in c’.

The cu’u‘ative ini‘trati“n at the ”“nding ti’e t
p
 is given by 

F
P
 , where i is the c“nstant intensity “f rainfa‘‘ (c’ h-1);  and the 

ini‘trati“n rate by f = i; substituting int“ Eq. (3),

The Green-A’”t equati“ns are deve‘“”ed f“r h“’“gene“us 
s“i‘s. The a””r“ach can be extended t“ describe ini‘trati“n int“ 
‘ayered s“i‘s, when the hydrau‘ic c“nductivity “f the successive 
‘ayers is kn“wn. As ‘“ng as the wetting fr“nt is in the t“” ‘ayer, 
the equati“ns re’ain the sa’e. After the wetting fr“nt enters 
the sec“nd ‘ayer, the effective hydrau‘ic c“nductivity K is set 
equa‘ t“ the har’“nic ’ean           f“r wetted de”ths “f the 
irst and sec“nd ‘ayers, and the ca”i‘‘ary head is set equa‘ t“ ψ  
“f the sec“nd ‘ayer. This ”rinci”‘e is then carried “ut thr“ugh the 
third and succeeding ‘ayers.

3.3	 Horton	Model
A three-”ara’eter e’”irica‘ ini‘trati“n ’“de‘ was ”resented 
by H“rt“n (1940) and it has been wide‘y used in hydr“‘“gic 
’“de‘‘ing (Eq (12)). Acc“rding t“ this a””r“ach the ini‘trati“n 
starts at a c“nstant rate, f0, and decreases ex”“nentia‘‘y with 
ti’e, t. After s“’e ti’e when the s“i‘ saturati“n ‘eve‘ reaches 
a certain va‘ue, the rate “f ini‘trati“n wi‘‘ ‘eve‘ “ff t“ the rate f

c
.

where, f
t
 is the ini‘trati“n rate at ti’e t; f

0
 is the initia‘ 

ini‘trati“n rate (a‘s“ the ’axi’u’ ini‘trati“n rate); f
c
 is the 

equi‘ibriu’ ini‘trati“n rate after the s“i‘ has been saturated (a‘s“ 
the ’ini’u’ ini‘trati“n rate); k is the decay c“nstant s”eciic t“ 
the s“i‘ (T-1).

H“rt“n's equati“n can a‘s“ be used t“ ind the t“ta‘ v“‘u’e 
“f ini‘trati“n, F, after ti’e t.

A‘ternative‘y, Eqs (12) and (13) can be c“’bined t“ yie‘d 
the f“‘‘“wing direct re‘ati“nshi” between F and f

t
.

3.4	 SCS	Model
The SCS curve-nu’ber ’“de‘ is the ’“st wide‘y used ’“de‘ 
f“r esti’ating rainfa‘‘ excess. Acc“rding t“ SCS ’“de‘, the t“ta‘ 
ini‘trati“n, F, f“r a rainfa‘‘ event, P, can be esti’ated as,

[12]    

[13]                      

[14]                      

[15]                      

[16]                      

[17]                      

[18]                      

[19]                      

[20]                      

[21]                      

[22]                      

[10]    

[11]    
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3.10			Morel-Seytoux	Model
M“re‘-Seyt“ux (1978) ’“de‘ is a ’“diicati“n “f Green and 
A’”t (1911) ’“de‘. The ’“de‘ is based “n the ”“nding ti’e 
c“nce”t: run“ff cann“t “ccur as ‘“ng as the s“i‘ surface retenti“n 
”“tentia‘ is n“t ’et. Theref“re, at every ti’e ste’, the ’“de‘ 
needs t“ deter’ine whether the ”“nding ti’e (tp) has been 
reached. F“r t>t

p
 the cu’u‘ative ini‘trati“n F(t) at ti’e t, is 

ca‘cu‘ated fr“’

where, F
p
 [L] is the cu’u‘ative ini‘trati“n when ”“nding 

“ccurs; β is a new visc“us c“rrecti“n ”ara’eter intr“duced by 
M“re‘-Seyt“ux and Khanji (1974), the va‘ue “f which varies 
usua‘‘y between 1 and 1.7 and is genera‘‘y ixed at 1.3; and S

f
 [L] 

is a st“rage and sucti“n fact“r that can be ex”ressed as a functi“n 
“f the s“i‘ hydrau‘ic ”r“”erties

where, H
c
 [L] is the ca”i‘‘ary height.

3.11	Evaluation	of	Models	Performance
Due t“ the ‘i’itati“n “f g““d qua‘ity ie‘d data, ca‘ibrati“n 
“f any “r a‘‘ “f the ab“ve ’enti“ned ’“de‘s is a cha‘‘enge 
f“r ’any agricu‘tura‘ ie‘ds ar“und the w“r‘d. F“r the Muda 
irrigati“n sche’e the ‘i’itati“n “f the ie‘d data d“es n“t a‘‘“w 
a c“’”rehensive ca‘ibrati“n “f ’“de‘s ’enti“ned ab“ve. 
Ca‘ibrati“n increases ’“de‘ accuracy and reduces uncertainty 
“f ’“de‘ ”redicti“ns. If ’easured data is n“t avai‘ab‘e, studies 
“n uncertainty assess’ent “r sensitivity ana‘ysis “f ’“de‘ 
”ara’eters ’ay n“t be carried “ut. In this regard, the IAHS 
initiative “f Predicti“n in Ungauged Basins regarding ’“de‘‘ing 
ungauged catch’ents is n“tew“rthy. The ’ain rec“’’endati“n 
“f ‘eading hydr“‘“gists ar“und the w“r‘d wh“ ”artici”ated in 
this initiative (Siva”a‘an et al., 2003; Siva”a‘an, 2006) ab“ut 
si’u‘ating ungauged basin was “n using a ’“de‘, with ‘i’ited 
ca‘ibrati“n and “n i’”r“ving the understanding “f the ”r“cesses 
with ’“de‘‘ed resu‘ts t“ c“’”ensate f“r the ‘i’itati“n “f 
ca‘ibrati“n. Further’“re, they rec“’’ended t“ use new data 
”“ints, which ’ay a””ear in future, t“ c“’”are the ’“de‘ resu‘ts 
and if needed t“ u”date the ’“de‘ ”ara’eters.

Severa‘ statistica‘ ’easures, na’e‘y, c“rre‘ati“n c“eficient, 
c“eficient “f deter’inati“n (R2), variance, re‘ative ’ean 
abs“‘ute err“r, Nash and Sutc‘iffe eficiency, etc., are avai‘ab‘e t“ 
eva‘uate the ”erf“r’ance “f a ’“de‘. The re‘ative ’ean abs“‘ute 
err“r (RMAE), which inc“r”“rates b“th syste’atic and rand“’ 
err“rs, is used in this study t“ assess the ’“de‘ ”erf“r’ance. The 
re‘ative ’ean abs“‘ute err“r (RMAE) can be ex”ressed as

4.0	 RESULTS	AND	DISCUSSION
The ’“de‘s used in this study can be c“nsidered site s”eciic 
rather than universa‘‘y a””‘icab‘e. Thus, the esti’ated ’“de‘ 

[23]                      

3.7	 Holtan	Model	
H“‘tan (1961) deve‘“”ed an e’”irica‘ equati“n “n the ”re’ise 
that s“i‘ ’“isture st“rage, surface-c“nnected ”“r“sity, and the 
effect “f r““t ”aths are the d“’inant fact“rs inluencing the 
ini‘trati“n ca”acity. H“‘tan and L“”ez (1971) ’“diied the 
equati“n as

where, f is the ini‘trati“n rate (in h-1); GI is the gr“wth index 
“f cr“” in ”ercent ’aturity varying fr“’ 0.1 t“ 1.0 during the 
seas“n; A is the ini‘trati“n ca”acity (in h-1) ”er (in) “f avai‘ab‘e 
st“rage and is an index re”resenting surface-c“nnected ”“r“sity 
and the density “f ”‘ant r““ts which affect ini‘trati“n, c“nsidered 
0.10 f“r fa‘‘“w and r“w cr“”s ty”e ‘and use with ”““r c“nditi“n 
(Frere et al., 1975); S

a
 is the avai‘ab‘e st“rage in the surface 

‘ayer (in), and f
c
 is the c“nstant ini‘trati“n rate (in h-1) when the 

ini‘trati“n rate curve reaches asy’”t“te (steady ini‘trati“n rate).

3.8	 Mishra–Singh	Model
By ex”ressing the SCS ’“de‘ in the f“r’ “f the H“rt“n ’eth“d 
Mishra and Singh (2002) deve‘“”ed an ini‘trati“n equati“n by 
assu’ing a ‘inear variati“n “f the cu’u‘ative ”reci”itati“n with 
ti’e “r with c“nstant rainfa‘‘ intensity:

where, S
p
 is the ”“tentia‘ ’axi’u’ retenti“n ca”acity “f the 

catch’ent used in the SCS ’“de‘; a genera‘ ’“de‘ ”ara’eter S
0
, 

identica‘ t“ the ’“de‘ “f Singh–Yu (1990), and k is the decay 
c“eficient identica‘ t“ the decay ”ara’eter used in the H“rt“n 
’“de‘. The ’athe’atica‘ ex”ressi“n “f Eq. (24) is a s”eciic 
f“r’ “f the retenti“n ’“de‘ ”r“”“sed by van Genuchten (1980) 
re‘ating ș with Ψ.

3.9	 Smith-Parlange	Linear	and	Nonlinear	
Models

S’ith and Par‘ange (1978) derived an ini‘trati“n ’“de‘ 
ex”ressed as:

where, C is a ”ara’eter re‘ated t“ the s“i‘ s“r”tivity and 
varies ‘inear‘y with the initia‘ s“i‘ ’“isture. It a‘s“ de”ends “n 
the a’“unt and ”attern “f rainfa‘‘ intensity. Para’eters C and 
K

s
 can either be deter’ined gra”hica‘‘y “r by using a regressi“n 

a””r“ach uti‘izing ini‘trati“n data. The ”ara’eter C in the 
Green-A’”t equati“n is

where, Ψavg is average ca”i‘‘ary tensi“n acr“ss the wetting 
fr“nt. Mein and Lars“n (1973) ”r“”“sed a re‘ati“n

Later, S’ith and Par‘ange (1978) derived a n“n‘inear 
ini‘trati“n ’“de‘ ex”ressed as:

[24]                      

[25]                      

[27]                      

[28]                      

[29]                      

[30]                      

[26]                      

[31]                      
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”ara’eter va‘ues as we‘‘ as the ’“de‘ “ut”uts ’ay vary fr“’ 
‘“cati“n t“ ‘“cati“n. In this study, the cu’u‘ative ini‘trati“n 
and the ini‘trati“n rates were esti’ated using the ten ’“de‘s 
’enti“ned ab“ve. Due t“ the scarcity “f the “bserved data the 
’“de‘s were n“t ca‘ibrated. Li’ited avai‘ab‘e “bserved data 
t“gether with sec“ndary inf“r’ati“n ab“ut the study area fr“’ 
‘iterature were used in this study. Further descri”ti“ns are 
”r“vided in the f“‘‘“wing secti“ns.

4.1	 Green-Ampt	Model
In “rder t“ a””‘y the Green-A’”t ’“de‘ (Eq (3)), the effective 
hydrau‘ic c“nductivity K, the wetting fr“nt sucti“n head Ψ, the 
”“r“sity Ș and the effective ”“r“sity ș

e
 need t“ be ’easured “r 

esti’ated. Genera‘‘y, K varies a‘“ng with Ψ, s“ the va‘ues “f 
Ψ and K sh“u‘d be c“nsidered as ty”ica‘ re”resentative va‘ues 
that ’ay a‘‘“w s“’e variabi‘ity in a””‘icati“ns. Using the s“i‘ 
”r“”erties re”“rted by Para’ananthan (1989), the ”“r“sity, 
residua‘ ’“isture c“ntent, the effective ”“r“sity and s“i‘ sucti“n 
head were esti’ated.

The hydrau‘ic c“nductivity “f sandy ‘“a’ s“i‘ decreases 
’“re ra”id‘y with the decrease in the ”“nding de”th than that 
“f the c‘ayey s“i‘, such that at ‘“wer ”“nding de”th va‘ues (“r at 
higher sucti“ns) the hydrau‘ic c“nductivity “f the c‘ayey s“i‘ is 
higher. The s“i‘ in the study area is “f heavy c‘ay ty”e (Chengai 
series) with the c“eficient “f ”er’eabi‘ity ranging fr“’ 1x10-7 
t“ 8x10-6 c’ s-1 (Kita’ura, 1990). The c“eficient “f ”er’eabi‘ity 
is a‘‘“wed t“ vary in different ’“nths as a functi“n “f ’“isture 

Observed 

Data
Month

Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec
*Mean 

M“nth‘y 
Rainfa‘‘, P  

(’’)

20.6 52.4 102.1 184.0 236.7 169.3 210.3 237.5 310.5 287.5 197.8 77.7

*Dai‘y 
Cu’u‘ative 
Ini‘trati“n 

(’’)

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

**Ini‘trati“n 
Rate 

(’’ h-1)
0.079 0.079 0.079 0.079 0.079 0.079 0.079 0.079 0.079 0.079 0.079 0.079

Model Monthly	Iniltration	Rate	(mm	h-1)

S’ith- 
Par‘ange 

(N“n‘inear)
0.227 0.227 0.227 0.075 0.005 0.106 0.015 0.005 0.041 0.015 0.013 0.227

H“‘tan 0.254 0.254 0.254 0.254 0.254 0.254 0.254 0.254 0.254 0.254 0.254 0.254
Singh-Yu 0.321 0.321 0.321 0.321 0.321 0.321 0.321 0.321 0.321 0.321 0.321 0.321

M“re‘- 
Seyt“ux

0.211 0.159 0.114 1.030 0.995 0.965 0.859 0.995 1.030 0.993 0.997 0.129

H“rt“n 0.831 0.831 0.831 0.831 0.831 0.831 0.831 0.831 0.831 0.831 0.831 0.831
SCS 7.369 2.267 0.789 0.281 0.177 0.327 0.220 0.176 0.107 0.123 0.246 1.236

Green- 
A’”t

7.481 6.348 0.262 0.133 0.027 0.157 0.050 0.027 0.081 0.053 0.047 3.214

Phi‘i” 3.858 3.283 2.895 1.646 0.426 1.965 0.722 0.426 1.222 0.745 0.670 3.056
Mishra- 
Singh

5.504 5.504 5.504 5.504 5.504 5.504 5.504 5.504 5.504 5.504 5.504 5.504

S’ith- 
Par‘ange 
(Linear)

11.534 5.125 53.777 10.833 0.016 17.095 0.657 0.016 3.596 0.769 0.493 6.088

* Observed Data (Source: Muda Agricultural Development Authority, Alor Setar, Kedah, Malaysia)
** Calculated iniltration rate from observed daily cumulative iniltration of 1 mm

Table 2: Observed Iniltration and Models Iniltration Rates for Different Months in the Study Area.

c“ntent in each ’“nth, c“nsidering the highest va‘ue (i.e., 8x10-6 
c’ s-1) f“r dry s“i‘ during dry seas“n and vice-versa. The area 
which is bare/“utside “f the can“”y was assu’ed t“ be crusted 
and the effective hydrau‘ic c“nductivity was c“nsidered equa‘ t“ 
the saturated hydrau‘ic c“nductivity K

s
 ti’es a c“’”uted crust 

fact“r CRC (Eq (10)) “f 0.71. The ste”-by-ste” ”r“cedure “f 
ca‘cu‘ating h“ur‘y cu’u‘ative ini‘trati“n and ini‘trati“n rate in 
each ’“nth using this ’“de‘ is sh“wn in Tab‘e 1. The ’ean 
ini‘trati“n rate was f“und t“ be 1.490 ’’ h-1 by this ’“de‘ 
(Tab‘e 2).

4.2	 Horton	Model
By c“nsidering the USDA s“i‘ texture “f ty”e c‘ay, an f

c
 va‘ue 

“f 0.5’’ h-1 was esti’ated using Eq (12). F“‘‘“wing the 
rec“’’endati“n “f Singh (1992) t“ ’aintain the radi“ f

0
/f

c
  “f 

the “rder “f 5 and using the va‘ue “f the decay c“nstant, k = 
0.03 ’in-1 the ’ean va‘ue “f f

t
 was esti’ated t“ be 0.831’’ 

h-1 (Tab‘e 2). The variabi‘ity “f the ini‘trati“n ”ara’eters in the 
H“rt“n ’“de‘ is due t“ the reas“ns that ini‘trati“n de”ends u”“n 
severa‘ fact“rs that are n“t ex”‘icit‘y acc“unted f“r in inding 
f
c
 va‘ues f“r different s“i‘ ty”es and vegetati“n c“vers. F“r 

exa’”‘e, the initia‘ ’“isture c“ntent and “rganic c“ntent “f the 
s“i‘, vegetative c“ver, and seas“n are n“t ex”‘icit‘y acc“unted 
f“r in the H“rt“n ’“de‘ (Lins‘ey et al., 1982). M“re“ver, the 
USDA s“i‘ ty”es d“ n“t ’atch exact‘y with the s“i‘ ty”es in the 
study area. Thus, an ex”eri’enta‘ study is required t“ esti’ate 
the va‘ues “f f

0
, f

c
 and k t“ ind ’uch ’“re re‘iab‘e ini‘trati“n 

rate in the study area.
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4.3	 SCS	Model
The s“i‘ in the study area can ty”ica‘‘y be c“nsidered as 
a c“’binati“n “f fa‘‘“w c“ver ty”e and r“w c“ver ty”e, 
c“’”rising “f CN f“r hydr“‘“gic s“i‘ gr“u” D (s“i‘s that swe‘‘ 
signiicant‘y when wet, heavy ”‘astic c‘ay and sa‘ine s“i‘). 
Theref“re, the resu‘ting CN was ch“sen based “n the bare s“i‘, 
cr“” residue c“ver and r“w cr“”s (straight r“w with ”““r and 
g““d c“nditi“ns “n‘y), and was c“nsidered t“ be the average “f 
the curve nu’bers f“r these s“i‘ ty”es. By referring t“ the CN 
Tab‘e “f the SCS ’eth“d the curve nu’ber was c“’”uted as: 
CN = (94+93+90+91+89)/5 = 91.4. Assu’ing an average rainfa‘‘ 
intensity “f 1-day durati“n, the ”r“bab‘e ’axi’u’ ”reci”itati“n 
(PMP) was ’easured at an air”“rt stati“n c‘“sed t“ the study area 
(A‘-Ma’un and Hashi’, 2004). The st“rage va‘ue was f“und t“ 
be 23.88’’. The ini‘trati“n rate (’’ h-1) in each ’“nth was 
esti’ated and the ’ean ini‘trati“n rate was f“und t“ be 1.110 
’’ h-1 (Tab‘e 2).

4.4	 Philip	Model
The in”uts t“ this ’“de‘ are ’ain‘y the ”hysi“-che’ica‘ 
”r“”erties “f s“i‘ and ’“isture c“ntent. In ca‘cu‘ating K

s
 (Eq (18)) 

f“r different ’“nths, the effective saturati“n va‘ues f“r different 
’“nths were taken fr“’ the Green-A’”t ’“de‘. The va‘ue “f 
K

s
 during Dece’ber t“ February was c“nsidered t“ be equa‘ t“ 

the ’axi’u’ va‘ue “btained in March, because the c“’”uted 
va‘ues “f K

s
 were f“und t“ be c“’”arative‘y higher than the s“i‘ 

hydrau‘ic c“nductivity during Dece’ber t“ February. The h“ur‘y 
cu’u‘ative ini‘trati“n and ini‘trati“n rate were ca‘cu‘ated, and 
the ’ean ini‘trati“n rate was f“und t“ be 1.743’’ h-1 (Tab‘e 2).

4.5	 Singh-Yu	Model
Since the s“i‘ in the study area is heavy ”‘astic c‘ay, the 
’ini’u’ va‘ues “f a, m, and n are taken fr“’ ‘iterature (Mishra 
et al., 2003) as such va‘ues are n“t avai‘ab‘e in the study area, t“ 
achieve ’“re rea‘istic resu‘ts. The h“ur‘y cu’u‘ative ini‘trati“n 
was taken fr“’ the Green-A’”t ’“de‘ (1911). The ”“tentia‘ 
st“rage s”ace avai‘ab‘e f“r ’“isture retenti“n in s“i‘ c“‘u’n 
S

0
 (Eq (22)) was c“nsidered equa‘ t“ S

p
 “f the SCS ’“de‘ (Eq 

(16)). Musgrave (1955) re”“rted that the ”“tentia‘ ini‘trati“n 
rate fc was varied fr“’ 0.0 t“ 0.13c’ h-1 f“r the hydr“‘“gic s“i‘ 
gr“u” D. Acc“rding‘y, an average va‘ue “f (0.0+0.13)/2, i.e., 
0.065 (c’ h-1) was c“nsidered f“r the ”“tentia‘ ini‘trati“n rate 
f
c
. MADA (1977) and Te“h and Chua (1989) re”“rted  ’easured 

dai‘y see”age and ”erc“‘ati“n ‘“ss “f “n‘y 1’’ f“r the Muda 
s“i‘ ty”e. F“‘‘“wing the rec“’’endati“n “f Singh (1992), the 
auth“rs c“nsidered f

0
/f

c
 = 5 and by further c“nsidering that the 

ini‘trati“n rate f ’ust be higher than fc, the resu‘ting h“ur‘y 
ini‘trati“n rate was esti’ated. The resu‘ting ’ean ini‘trati“n 
rate fr“’ this ’“de‘ was esti’ated t“ be 0.321’’ h-1 (Tab‘e 2).

4.6	 Holtan	Model	
The st“rage S

a
 (’’) va‘ue (Eq (23)) was taken fr“’ the SCS 

’“de‘ and c“nverted t“ inches in “rder t“ c“’”‘y with the 
syste’ “f units used in the H“‘tan ’“de‘. The average va‘ue 
“f the vegetati“n ”ara’eter A in the H“‘tan ’“de‘ f“r ‘and use 
ty”e  Ŏfa‘‘“w and r“wŏ cr“”s with  ”““r c“nditi“n was c“nsidered 
as 0.1 (Frere et al., 1975). Musgrave (1955) re”“rted that the 

ina‘ ini‘trati“n rate fc varied fr“’ 0.0 t“ 0.13c’ h-1 f“r the 
hydr“‘“gic s“i‘ gr“u” D. Acc“rding‘y, an average va‘ue “f f

c
 = 

(0.0+0.13)/2, i.e., 0.065c’ h-1 was c“nsidered in Eq (23). The 
auth“rs refer “nce again t“ MADA (1977) and Te“h and Chua 
(1989) f“r the ’easured dai‘y ini‘trati“n and ”erc“‘ati“n ‘“ss 
“f “n‘y 1’’ d-1 f“r the Muda s“i‘ ty”e. Acc“rding‘y, it was 
assu’ed that the f

c
 va‘ue w“u‘d be ‘ess than 1’’ d-1. F“‘‘“wing 

the rec“’’endati“n “f Singh (1992) f“r f
0
/f

c
 rati“ t“ be ab“ut 5 

and c“nsidering that the ini‘trati“n rate f ’ust be higher than 
f
c
, the ini‘trati“n rate was esti’ated c“nsidering the va‘ue “f 

f
c
 at 0.5’’ d-1 in absence “f re‘iab‘e data. C“nsequent‘y, the 

’ean ini‘trati“n rate fr“’ this ’“de‘ is f“und t“ be 0.254 ’’ 
h-1 (Tab‘e 2).

4.7	 Mishra-Singh	Model
In ca‘cu‘ating the ini‘trati“n rate f using the Mishra-Singh 
’“de‘, the S

p
, f

c
 and k va‘ues “f Eq (24) were “btained fr“’ the 

SCS, H“‘tan, and H“rt“n ’“de‘s, res”ective‘y. The esti’ated 
’ean ini‘trati“n rate using this ’“de‘ was f“und t“ be 5.504 
’’ h-1 (Tab‘e 2). C“nsidering ty”ica‘ va‘ues “f S

p
, f

c
 and k f“r 

the Narsingh”ur C‘ay (NC) (Mishra et al., 2003), the esti’ated 
ini‘trati“n rate was f“und t“ be very high (5.504’’ h-1) as 
sh“wn in Tab‘e 2.

4.8	 Smith-Parlange	Linear	and	Nonlinear	
Models

In ca‘cu‘ating f (’’ h-1) by S’ith-Par‘ange n“n‘inear ’“de‘ 
(Eq 25), the f“‘‘“wing c“nsiderati“ns were undertaken: (i) 
the va‘ues “f the cu’u‘ative ini‘trati“n F were “btained fr“’ 
the Green-A’”t ’“de‘, (ii) the K

s
 va‘ues were “btained fr“’ 

the Phi‘i” ’“de‘, (iii) the va‘ue “f K
i
 was assu’ed equa‘ t“ K 

va‘ue, (iv) ψ va‘ue was taken fr“’ the Green-A’”t ’“de‘ t“ 
ca‘cu‘ate ψavg., (v) the initia‘ water c“ntent ș

i
 f“r each ’“nth was 

assu’ed t“ be the res”ective ’“isture c“ntent ș in each ’“nth, 
and (vi) the ș va‘ues were c“nsidered 99.9% in May and August 
instead “f 100% in “rder n“t t“ get zer“ va‘ue “f C as zer“ va‘ue 
“f C resu‘ts FK

s
/C ininity and ”r“duces an unrea‘istic resu‘t. 

The h“ur‘y ini‘trati“n rates and the c“rres”“nding cu’u‘ative 
ini‘trati“n a’“unts f“r each ’“nth were ca‘cu‘ated, and the 
resu‘ting ’ean ini‘trati“n rates fr“’ the ‘inear and n“n‘inear 
S’ith-Par‘ange ’“de‘s were f“und t“ be 9.167’’ h-1 and 
0.098’’ h-1, res”ective‘y (Tab‘e 2).

4.9	 Morel-Seytoux	Model
In ca‘cu‘ating the va‘ues “f h“ur‘y cu’u‘ative ini‘trati“n F(t) and 
the ini‘trati“n rate f(t) ((Eq 29)), the f“‘‘“wing c“nsiderati“ns 
were ’ade: (i) the va‘ue “f the saturated hydrau‘ic c“nductivity 
K

s
 was “btained fr“’ the Phi‘i” ’“de‘, (ii) the ψ va‘ue was 

“btained fr“’ the Green-A’”t ’“de‘ and set identica‘ t“ H
c 

va‘ue, (iii) the va‘ue “f t
p
 was “btained fr“’ rainfa‘‘ intensity 

i, which was assu’ed t“ be an average rainfa‘‘ intensity “f  
”r“bab‘e ’axi’u’ ”reci”itati“n “f 1-day durati“n ’easured at 
Air”“rt Stati“n c‘“se t“ the study area, Kedah, Ma‘aysia (A‘-
Ma’un and Hashi’, 2004), (iv) the initia‘ water c“ntent ș

i
 was 

assu’ed t“ be the res”ective ’“isture c“ntent ș in each ’“nth, 
and (v) the va‘ue “f β was ixed at 1.3. The resu‘ting h“ur‘y 
cu’u‘ative ini‘trati“n F(t) and the c“rres”“nding ini‘trati“n 
rate f(t) were esti’ated, and the ’ean ’“nth‘y ini‘trati“n rate 
using Eq. (3) was f“und t“ be 0.706’’ h-1 (Tab‘e 2).
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4.10		Evaluation	of	Models	Performance
The ’“de‘s used in this study differ by their ’athe’atica‘ 
structures and theref“re, their ”ara’eters are required t“ be 
ca‘ibrated, even when the in”ut hydr“‘“gic data are fr“’ the 
sa’e site. Predicti“ns fr“’ unca‘ibrated ’“de‘s are uncertain. 

The “bserved t“ta‘ existing water fr“’ 1991-97 in each 
ininitesi’a‘ area f“r dry (February-Ju‘y) and wet (August-
January) cr“” seas“ns were c“nverted t“ ’“isture c“ntent and 
averaged, and used as an in”ut t“ the ’“de‘s used in this study 
(Kita’ura, 1987). The avai‘ab‘e “bserved data, t“gether with 
sec“ndary inf“r’ati“n ab“ut the study area ‘iterature were used 
t“ esti’ate the ini‘trati“n rate.

The “bserved cu’u‘ative ini‘trati“n F(t) “f 1’’ was 
c“nverted t“ the ini‘trati“n rate f(t) (’’ h-1) f“r c“’”aris“n 
”ur”“se. Using the Green-A’”t M“de‘ (Eq (2)), the 
c“rres”“nding hydrau‘ic c“nductivity K va‘ue was f“und t“ be 
0.0705c’ d-1 against an “bserved dai‘y cu’u‘ative ini‘trati“n 
and ”erc“‘ati“n ‘“ss “f 1’’, kee”ing the “ther ”ara’eters “f 
Eq (2) the sa’e as the ”ara’eters “f the Green-A’”t ’“de‘. 
Using Eq (3), the c“rres”“nding c“nverted “bserved ini‘trati“n 
rate “f 0.0786’’ h-1 was achieved against the “bserved dai‘y 
cu’u‘ative ini‘trati“n and ”erc“‘ati“n ‘“ss “f 1’’ in “rder t“ 
c“’”are the ’“de‘s resu‘ts with the “bserved ini‘trati“n rate, 
i.e., t“ fu‘i‘ the c“’”aris“n require’ent.

The ”erf“r’ance “f the ’“de‘s was eva‘uated based “n 
the re‘ative ’ean abs“‘ute err“r (RMAE) criteri“n. The RMAE 
va‘ues f“r the 10 ’“de‘s were c“’”uted and the ’“de‘s were 
ranked acc“rding t“ the increasing RMAE va‘ues t“ identify 
the ’“st suitab‘e ’“de‘ f“r the study area. Within the se‘ected 
’“de‘‘ing fra’ew“rk, the ”erf“r’ance eva‘uati“n “f the ’“de‘s 
suggests that the S’ith-Par‘ange n“n‘inear ’“de‘ ”erf“r’ed the 
best c“’”ared t“ “ther ’“de‘s. The sec“nd best suited ’“de‘ 
was f“und t“ be the H“‘tan ’“de‘. The suitabi‘ity “f the “ther 
’“de‘s in descending “rder can be f“und acc“rding t“ the 
ascending “rder “f RMAE va‘ues and ranks, given in Tab‘e 3. 

H“wever, the a””‘icati“ns “f the “ther avai‘ab‘e ’“de‘s and/
“r the use “f individua‘ st“r’ events and ’uch ’“re ”recise ie‘d 
data ’ight a‘ter this suitabi‘ity f“r the study area. Theref“re, a 
detai‘ed ex”eri’enta‘ study can be undertaken t“ run the ’“de‘s 
with ’“re readi‘y and t“ deve‘“” a new ’“de‘ f“r the heavy 
’arine c‘ay ty”e s“i‘s in the study area.

The ”ractica‘ beneits “f this study are t“ esti’ate the 
’“de‘‘ed cu’u‘ative ini‘trati“n quantity and ini‘trati“n rates in 
different ’“nths t“ a‘‘“w irrigati“n schedu‘ing and esti’ating 
water ‘“ss and in turn t“ c“’”ute the surface run“ff fr“’ the 
sche’e t“ design drainage channe‘s.

5.0	 CONCLUSIONS
Ini‘trati“n ’“de‘s were used in the ”resent study t“ ca‘cu‘ate 
cu’u‘ative ini‘trati“n and ini‘trati“n rates using unca‘ibrated 
’“de‘s. Avai‘ab‘e “bserved data and inf“r’ati“n ab“ut the study 
area fr“’ ‘iterature were used in esti’ating ini‘trati“n rates. 
Using the s“i‘ ”r“”erties re”“rted by Para’ananthan (1989), the 
”“r“sity, residua‘ ’“isture c“ntent, the effective ”“r“sity and s“i‘ 
sucti“n head were c“’”uted. The s“i‘s in the study area is heavy 
c‘ay ty”e (Chengai series), with the c“eficient “f ”er’eabi‘ity 
ranging fr“’ t“ 1x10-7 t“ 8x10-6 c’ s-1 (Kita’ura, 1990). The 
c“eficient “f ”er’eabi‘ity was a‘‘“wed t“ vary as a functi“n “f 
’“isture c“ntent in different ’“nths, c“nsidering the highest 
va‘ue f“r the dry s“i‘ and vice-versa. The ”erf“r’ance “f the 
’“de‘s was eva‘uated based “n the RMAE criteri“n. Within the 
se‘ected ’“de‘‘ing fra’ew“rk, the eva‘uati“n “f ”erf“r’ance “f 
the ’“de‘s is he‘”fu‘ in identifying ’“de‘s, which ’ight be used 
t“ esti’ate the ini‘trati“n rate in the study area. It has been f“und 
that c“’”ared t“ “ther ’“de‘s the ini‘trati“n rate esti’ated by 
the ”hysica‘‘y based S’ith-Par‘ange n“n‘inear ’“de‘ (1978) was 
c‘“sest t“ the “bserved rate. The suitabi‘ity “f the “ther ’“de‘s 
can res”ective‘y be regarded as the H“‘tan, Singh-Yu, M“re‘-
Seyt“ux, H“rt“n, SCS, Green-A’”t, Phi‘i”, Mishra-Singh, and 
S’ith-Par‘ange (‘inear) ’“de‘ (Tab‘e 2).

The ’“de‘s used in this study are site s”eciic and n“t as 
such universa‘. Thus, their ”erf“r’ance ’ay vary fr“’ site 
t“ site. The ”erf“r’ance “f the ’“de‘s is based “n the resu‘ts 
“btained using ‘i’ited data and sec“ndary inf“r’ati“n. Thus, 
a detai‘ed ex”eri’enta‘ study can be undertaken t“ run these 
’“de‘s satisfact“ri‘y in the near future. Fina‘‘y, based “n the 
avai‘ab‘e data and inf“r’ati“n, it can be c“nc‘uded that the 
S’ith-Par‘ange n“n‘inear ’“de‘ is c“nsidered t“ be the ’“st 
suitab‘e ’“de‘ f“r esti’ating ini‘trati“n in the study area. It is 
ex”ected that this study wi‘‘ be used as a guide‘ine in ’“de‘ 
se‘ecti“n and esti’ati“n “f ini‘trati“n rates in the agricu‘tura‘ 
ie‘d “f Ma‘aysia, which in turn wi‘‘ he‘” in irrigati“n water 
’anage’ent, s“i‘ er“si“n c“ntr“‘, irrigati“n eficiency 
i’”r“ve’ent and agricu‘tura‘ ”“‘‘uti“n assess’ent.
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