Environmental Research, Engineering and Management 2018/74/3

EREM 74/3 Developing Interception and Root Uptake Systems in
Conceptual Hydrological Modelling

Journal of Environmental Research,

Engineering and Management

Vol. 74/ No.3/2018 Received 2018/07 Accepted after revision 2018/09
pp. 34-41

DOI 10.5755/j01.erem.74.3.21154

© Kaunas University of Technology ros e http://dx.doi.org/10.5755/j01.erem.74.3.21154

Developing Interception and Root
Uptake Systems in Conceptual
Hydrological Modelling

Nugroho Suryoputro

Department of Civil Engineering, Faculty of Engineering, Universitas Negeri Malang, Malang, East Java, Indonesia

Suhardjono, Widandi Soetopo, Ery Suhartanto, Lily Montarcih Limantara
Department of Water Resources Engineering, Faculty of Engineering, Universitas Brawijaya, Malang, East Java,
Indonesia

Sugeng Utaya

Department of Geography, Faculty of Social Science, Universitas Negeri Malang, Malang, East Java, Indonesia

Corresponding author: nugrohosuryoputro@gmail.com
Nugroho Suryoputro, Department of Civil Engineering, Faculty of Engineering, Universitas Negeri Malang, Malang,
East Java, Indonesia

This research aimed at developing a conceptual hydrological model (tank model) with interception and root up-
take. It was conducted in a sub-watershed of Coban Rondo located in an area with 89% forest and plantation land.
10-year rainfall and discharge data were used to perform calibration, verification and simulation. The calibration
utilised a hybrid optimisation method of random search and genetic algorithm. A water balance equation was
developed. The effect of interception and root uptake parameters on the modelling procedure was evaluated us-
ing the Nash-Sutcliffe efficiency (NSE) coefficient and paired sample t test. Results showed that, at a significance
level of 5%, the interception and root uptake parameters had a significant effect on modelling (t Stat = 8.457 > t
critical two-tail = 1.980). The modelling performance increased by 26.98% with an NSE value of 0.91.
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Introduction

A conceptual hydrological model refers to a model equations and differentiates between the produc-
that presents a hydrological process in mathematical  tion function and the search function (Harto, 1993).
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Several conceptual rainfall-runoff models include
the NAM model (Danish Hydraulic Institute, 1982),
the tank model (Sugawara et al., 1983), and the HBV
model (Harlin, 1991).

The conceptual model lies between the physical-
ly-based model and the black-box model. This type
of model is commonly applied to represent essential
components that connect hydrological inputs with
outputs. In general, the term ‘conceptual’ is used to
refer to models that involve a simple arrangement of
a small number of interrelated conceptual elements,
each representing the land phase of the hydrological
cycle. The most frequently used element in the con-
ceptual model is the storage component. Each stor-
age consists of one input and one or more outputs
and is used to represent watershed storage such as
surface detention, soil moisture and so forth. Linear
storages and channels are used for routing purpos-
es. Fundamentally, conceptual modelling comprises
a set of moisture flow equations from one element to
the next (Jain, 1993).

Conceptual models were originally developed for
modelling small and homogeneous watersheds. Nev-
ertheless, they have been successfully implemented
to watersheds that have variations in topography,
vegetation and watershed with an area of thousands
of square kilometres. The input data required by the
conceptual models are very simple and easy to col-
lect (Jain, 1993). These conceptual models started
to develop around the 1950s as hydrologists began
to understand the approach of a hydrological system
(Xu, 2002). Later in the 1960s, lumped conceptual
rainfall-runoff models began to develop rapidly with
the emergence of a clearer physical understanding of
the components of the hydrological cycle (conceptual
elements). The interpretation of these interconnected
conceptual elements contributes to the determination
of the rainfall-runoff relationship of a particular sub-
system. The development of the hydrological models
in the 1980s led to more complex models aiming to
make predictions of changes in land uses and spatial
effects of inputs and outputs. Distributed-parameter
hydrological models with two- and three-dimensional
modelling emerged and developed. Elevation models
using maps or satellite imagery began to be applied
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in hydrological modelling. After the 1980s, hydrologi-
cal models evolved on a global scale into macro-scale
hydrologic models.

This research aimed to develop a conceptual hydro-
logical model with interception and root uptake. The
conceptual hydrological model developed is the tank
model. The tank model has been extensively devel-
oped to analyse various cases of rainfall and discharge
relationships (Basri, 2013; Chen et al., 2014; Ou et al,,
2017; Phuong et al., 2018). In this study, the develop-
ment of models was carried out to improve the ability
of models in the management of forest and planta-
tion land use. The role of forests and plantations in
the hydrological cycle affects the availability of water
in the watershed. The availability of groundwater is
the amount of water that can be stored in the soil and
discharged in a certain period of time (Purbawa and
Wirajaya, 2009).

Research on interception, pioneered by Hoppe in
1896, has been conducted for more than a century
(Swank, 1968); interception is, in fact, the most widely
studied component of water balance in forests. Chaf-
fe et al. (2010) conducted research on the importance
of interception data for rainfall-runoff modelling and
concluded that the interception information could im-
prove the performance of the model.

The interception process has small to medium scale
impacts on the water balance of a watershed due to
a local moisture deficit as a result of a decrease in
the amount of precipitation and throughfall that reach
the soil surface. Xiao and McPherson (2002) found
that interception could reduce flooding runoffs. The
bigger and shadier the trees, the greater the intercep-
tion; hence, the smaller the risk of a flooding runoff.
This is in line with Slamet (2015) who pointed out that
the transformation of natural forests into rubber and
oil palm plantations could result in decreased inter-
ception and infiltration capacity of saturated soils and
increased surface flow. The impact of interception is,
in fact, highly influential on the availability of river wa-
ter in semi-arid watersheds with an ephemeral river
system (Love et al., 2010).

Water transport in roots has been studied since the
17th century by Harvey and Malpighi as the ear-
liest pioneers of plant anatomy. Research on the
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relationship between transpiration and water trans-
port in plants was pioneered by Hales in the mid-18th
century (Richter and Cruiziat, 2015). In 1949, Kramer
explained that root uptake process might occur with
passive absorption through the pull of transpiration
(Soni and Soni, 2010). Also, passive absorption plays
a more critical role than active absorption (FAPERTA
UGM, 2014).

Interception and root uptake in the hydrological cycle
consist of different intricate elements. The involve-
ment of contributing factors in both processes results
makes the conceptual model a highly complex model.
This paper discusses the development of a tank mod-
el involving interception and root uptake and an effort
to work towards the initial goal of developing a con-
ceptual hydrological model with benefits of simplicity,
ease of use, effectiveness and efficiency.

Methods

Study area

The research was conducted in Malang regency,
namely at Coban Rondo sub-watershed, which has
an area of 18.14 km? The research setting was lo-
cated at an elevation between +900 m and +1100 m
above the sea level with the coordinates of longitude
between 112.44976° to 112.48768° east and latitude
between 7.83841° to 7.94661° south. The land uses
in 2017 consisted of forests (59%), plantations (30%),
and settlements (11%).

Interception

Interception is a process of rain falling to the sur-
face of vegetation, being held for a moment and then
evaporated into the atmosphere or absorbed by the
vegetation (Asdak, 2004). Dunne and Leopold (1978)
in Hadisusanto (2006) stated that the calculation of
rainfall (P) reaches the soil through the canopy (C) or
effective rainfall (P-C) can be done using the following
equation:

Forest plants:

(P-Cyorese = 0.887 . P + 0.088 M

forest
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Mixed plantations:
(P-C)

Interception by annual crop canopies

=0.928 . P +0.269 2

mixed plantation

(©=0 )

Root uptake

Root uptake is the movement of water from the soil
to the plant. The process is executed by roots of the
plant. The uptake of groundwater by roots is related
to evapotranspiration, plant growth, soil moisture and
oxygen, and groundwater infiltration (Dam, 2013). Ac-
cording to Kramer, the process of root uptake con-
sists of two types of absorption, i.e., active and pas-
sive (1949, cited in Soni and Soni, 2010). The active
absorption occurs through osmotic and non-osmotic
mechanisms (via root respiration), while the passive
absorption takes place due to the pull from transpi-
ration.

The application of the concept of water absorption
in rainfall-runoff modelling, among others, was im-
plemented by Nurhayati (2008), namely by using the
concept of passive absorption in the tank model. The
equation used to estimate the root uptake is as fol-
lows (Nurhayati, 2008):

Uptake =ETo . p. Kc ()

Where: ETo - evapotranspiration (mm); g — root up-
take coefficient; Kc — crop coefficient.

Model development
a Netrainfall rate (Pnet () based on different land uses

Pnety, = Pl + P2, + P3, + P4, ©)

Where: Pb - rainfall (mm); P1,, - rainfall on settle-
ments = kl1.Pb , (mm); P2, - rainfall intercepted in
mixed plantations = 0.928 . (kl2.Pb ) + 0.269 (mm);
P3, - rainfall on rice fields = kI3.Pb , (mm); P4, -
rainfall intercepted in forests = 0.887 . (kl4.Pb ) +
0.088 (mm); kl1 — percentage of settlement area;
kl2 — percentage of mixed plantation area; kI3 -
percentage of rice field area; kl4 — percentage of
forest area; subscript (t) = at n' time.

b Actual evapotranspiration (ETc) based on different
land uses
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ETc, = ETcl, + ETc2, + ETc3, + ETc4h, ®)

Where: ETo, - potentials evapotranspiration (mm);
Kc - crop coefficient; ETc1, - actual evapotranspi-
ration in settlements = kl1.Kc1.Eto , (mm), Kc1 = 1;
ETc2,, —actual evapotranspiration in mixed planta-
tions = kl2.Kc2.Eto , (mm); ETc3,, - actual evap-
otranspiration in rice fields = ki3.Kc3.Eto,, (mm);
ETc4, - actual evapotranspiration in forests = kl4.
Kc4.Etoy, (mm).

¢ Root uptake based on different land uses

Uptake (t) = CUptake . ETc(t) (7)

Where: CUptake - root uptake coefficient.

Table 1
Crop Coefficient (Kc)
No Kc value Wet season Dry season
1 2 B 4
1 Kc2 0.68 0.75
2 Ke3 0.85 1.20
3 Kck 0.60 0.60

Source: Nurhayati (2008)

Fig. 1

Schematic plan of the tank model (Source: own study)
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The following is the water balance in tank 1:

Changes in the water storage in tank 1 (AHa,)

AHa(t) =
0, if Hag) + Pnet() - Uptake) < 0
Ha + Pnet,, - Uptake,, if Hag)+ Pnet, - Uptake(y > 0

®)

Where: Ha, - water storage at period t (mm);
net,,— Pnet rainfall rate (mm).

Surface flow (Qal,)

0, lf AHa(t) < Da1

9
Day).CQay, if AHayy > Day @

1 =
@l {(AH%) -

Sub-surface runoff (Qa2,,)

0, lf AHa(t) < Daz

10
— Day).CQa,, if AHayy > Da, (10)

2 =
@20 {(AH%)

Subtotal runoff (Qa tot )
Qa tot, = Qal, + Qa2 an

Infiltration (la,)

Ia _ { 0, lf AHa(t) =0 (12)
® 7 (Cl, .AHag), if AHagy # 0

Surface Flow (Qal)

Sub Surface Flow (Qa2)
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Water balance in tank 1

Hayqy =
{ 0, lf AHa(t) - Qa tOt(t) - Ia(t) <0
AHa(t) - Qa tOt(t) - Ia(t), Lf AHa(t) - Qa tOt(t) - Ia(t) >0
(13)

Where: CQa,, CQa,, Cl, - discharge coefficient of
outlets Qa,, Qa,, and la; Da,, Da, height of outlets
Da, and Da,.

The procedure was repeated on tanks 2, 3 and 4
consecutively and for the next simulation time.

The total outflow from the outlet (Q) of each side-
wall of the tank is considered as the accumulation
of water flow from the system in the watershed,
and the equation is as follows:

Q,, = Qa tot,, + Qb + Qc,, + Qd, (14)

Model calibration

A hybrid optimisation algorithm model of random
search (RS) and genetic algorithm (GA) was devel-
oped to accelerate the optimisation process of cali-
brating the model parameters. The optimisation pro-
cess began with implementing the RS method up to a
certain iteration limit with fitness value under certain
criteria. In this study, the criteria of fitness value were
Nash parameters with positive values close to one. In
the next stage, the accuracy of the optimisation re-
sults by the RS method was improved by using the GA
method and hence obtaining the best and homoge-
nous population.

Model evaluation
a Nash-Sutcliffe efficiency coefficient (NSE)
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Differences in the model before and after modifica-
tion were examined by a paired sample t test.

X1—X2
S% S% S1 Sy (16)
\jn_1+E_2r ﬁ E

Where: x = mean of sample 1, x, = mean of sample
2, S, =standard deviation of sample 1, S, = standard
deviation of sample 2, S? = variance of sample 1,
SZ = variance of sample 2, r = correlation between
the two samples. The statistical analysis was car-
ried out using the Analysis ToolPak in Excel.

t=

Results and Discussion

The analysis results of the effect of interception and
root uptake on conceptual hydrological modelling are
presented in Tables 2 and 3 and Fig. 2.

Table 2

Paired sample t test between the discharge of the model without
interception-root uptake and the model with interception-root uptake

Without interception- | With interception-

The model performance was evaluated using NSE
proposed by Nash and Sutcliffe (1970), as follows:

NSE = 1- % (15)
Where: n is the total number of observed data dur-
ing the period of observation, Qi is the data of i" ob-
servation, is the average of the observation data,
and Pi the output value of the i"" model. The NSE
values range between 1.0 and - o, in which a value
of 1.0 indicates a very well performed model.

b Paired sample t test

Parameters uptake uptake
1 2 3

Mean 0.615 0.485
Variance 0.107 0.061
Observations 120 120
Conettion D8e2
Hypothesised
mean difference 0
Df 119
t Stat 8.457
P(T<=t) one-tail 4.034E-14
t Critical one-tail 1.657
P(T<=t) two-tail 8.068E-14
t Critical two-tail 1.980

Testing at o = 0.05

Testing result: t Stat = 8.457 > t Critical two tail = 1.980, thus H0 was

rejected.

Conclusion: the tank model with interception-root uptake made a
significant difference to the modelling performance, i.e., it increased

by 26.98%.

Source: own study.
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Fig. 2

Comparison of discharge between the model and observation
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Table 3
Nash-Sutcliffe efficiency (NSE) coefficient

Nash-Sutcliffe Efficiency (NSE) Coefficient

% of NSE
Process .
Without interception-root uptake With interception-root uptake improvement
1 2 3 4
Calibration -0.49 0.77 259%
Verification 0.23 0.71 208%
Simulation 0.81 0.91 14%

Source: own study

The analysis results showed the pronounced effect of
interception and root uptake on conceptual hydrolog-
ical modelling. The finding concurs well with that of
Gerrits (2010) studying the role of interception in the
hydrological cycle. Interception is a key process in a
hydrological cycle that involves significant changes in
the water balance and affects subsequent processes
in both quantity and time. It is the major cause of the
nonlinearity of the hydrological processes in the wa-
tershed. It occupies a crucial place in the hydrological
cycle. Gerrits (2010) also pointed out that interception
had different roles in the hydrological cycle. The most

important role is to reduce rainwater through evap-
orating the water stored on the canopy so that infil-
tration is minimised. The second role is to influence
the spatial distribution of infiltration that affects the
soil moisture pattern and the sub-surface flow path.
The last role is to redistribute the flow of water over
time since the spatial variability of storage capacity
and rainfall causes spatially different delay times.

Root uptake is one of the functions of transpiration.
Hirasawa et al. (1987) found how the transpiration
rate was nearly equal to the root uptake rate. Root up-
take, in various hydrological models, is described as
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a sink term in the Richards’ equation of water flow in
unsaturated soils (Richards, 1931). Nurhayati (2008)
developed a root uptake model based on the concept
of passive absorption, meaning that the absorption of
water by roots is a function of actual evapotranspira-
tion. The amount of water absorbed by plant roots is
determined by multiplying the root uptake coefficient
(Cpake) by the actual evapotranspiration. The root up-
take coefficient is assumed to represent plant and soil
characteristics that affect the root uptake process.
The process of modeling the root uptake begins with
water absorption by the roots in the first tank. If the
water requirement in the first tank cannot be fulfilled,
the roots will absorb water from the second tank ac-
cording to the movement of capillary water in the soil.
The process will be repeated up to the fourth tank to
meet the water requirement.

This research also revealed that interception and root
uptake contributed to a decrease in the water volume
of the model’s water balance.

References

Asdak C. (2004) Hidrologi dan pengelolaan daerah aliran sungai
(Hydrology and watershed management). Yogyakarta. Gadjah
Mada University Press.

Basri, H. (2013) Development of rainfall-runoff model using tank
model: problems and challenges in Province of Aceh, Indonesia.
Aceh International Journal of Science and Technology 2 (1): 26-36.
Chaffe P. L., Kobiyama M., Yamashiki Y. and Takara K. (2010) Is
interception information important for rainfall-runoff modeling.
Annual Journal of Hydraulic Engineering JSCE 54: 73-78.

Chen S.K,, Chen RS and Yang T.Y. (2014) Application of a tank
model to assess the flood-control function of a terraced paddy
field. Hydrological Sciences Journal 59(5):1020-1031. DOI: 10.1
080/02626667.2013.822642Dam, J. V. 2013. Root Water Uptake
Modelling. Wageningen: Wageningen UR.

Danish Hydraulic Institute (1982) NAM model users guide, Den-
mark. Danish Hydraulic Institute.

FAPERTA UGM (2014) Penyerapan dan pengangkutan air (Wa-
ter absorption and transport). Available at: http://www.faperta.
ugm.ac.id (accessed 14 November 2014).

Gerrits A.M.J (2010) The role of interception in the hydrological
cycle. Dissertation. Delft. VSSD. ISBN: 978-90-6562-248-8.
Hadisusanto N (2011) Aplikasi hidrologi (Applied hydrology).
Malang. Jogja Mediautama.

2018/74/3

Conclusions

The results of this study proved that the parameters
of interception and root uptake exerted a significant
effect on the conceptual hydrological modelling. The
findings of this research are in line with previous re-
sults put forward, among others, by Hirasawa et al.
(1987), Nurhayati (2008), Chaffe et al. (2010), and
Gerrits (2010), namely: 1) by entering interception
and root uptake parameters can improve the perfor-
mance of hydrological models, 2) interception and
root uptake affect the water balance in hydrological
modelling, and 3) passive root uptake is affected by
evapotranspiration.

The tank model was developed by incorporating inter-
ception and root uptake factors while keeping work-
ing towards the initial goal of developing a conceptual
hydrological model with benefits of simplicity, ease of
use, effectiveness and efficiency.

Harlin J (1991) Development of a process oriented calibration
scheme for the HBV hydrological model. Nordic Hydrol 22: 15-
36. https://doi.org/10.2166/nh.1991.0002

Harto S (1993) Analiss hidrologi (Hydrological analyst). Jakarta.
Gramedia Pustaka.

HirasawaT., Araki T. and Ishihara K. (1987) The relation between
water uptake and transpiration rates in rice plants. Japan.Jour.
Crop Sci 56(1): 38-43. https://doi.org/10.1626/jcs.56.38

Jain, S. K (1993) Calibration of conceptual models for rainfall-runoff
simulation. Hydrofogical Sciences -Journal- des Sciences Hydrolog-
iques 38(5): 431-441. https://doi.org/10.1080/026266693099492692

Love D., Uhlenbrook S., Perez G.C., Twomlow S. and Zaag PV.D.
(2010) Rainfall-interception-evaporation-runoff relationships in a
semi-arid catchment, Northern Limpopo Basin, Zimbabwe. Hy-
drological Sciences Journal-Journal des Sciences Hydrologiques
55(5): 687-703. https://doi.org/10.1080/02626667.2010.494010

Nash J.E. and Sutcliffe J.V. (1970) River flow forecasting through
conceptual models part | - a discussion of principles. Journal
of Hydrology 10(3):282-290. https://doi.org/10.1016/0022-
1694(70)90255-6

Nurhayati F. (2008) Pendugaan parameter uptake root menggu-
nakan model tangki (Estimating the uptake root parameter using a
tank model). Skripsi. Unpublished. Bogor. Institut Pertanian Bogor.



Environmental Research, Engineering and Management

Ou X., Gharabaghi B., McBean E. and Doherty C. (2017) inves-
tigation of the tank model for urban storm water manage-
ment. Journal of Water Management Modeling (JWMM). DOI:
10.14796/JWMM.C421. https://doi.org/10.14796/ JWMM.C421

Phuong H.T., Tien N.X,, Chikamori H. and Okubo K. (2018) A
hydrological tank model assessing historical runoff variation in
the hieu river basin. Asian Journal of Water, Environment and
Pollution 15(1): 75-86. DOI 10.3233/AJW-180008. https://doi.
org/10.3233/AJW-180008

Purbawa G.A. and Wiryajaya N.G. (2009) Analisis spasial nor-
mal ketersediaan air tanah bulanan di Provinsi Bali (Spatial
analysis of normal monthly groundwater availability in Bali
Province). Balai Besar Meteorologi dan Geofisika Wilayah IlI
Denpasar, BMKG. Bali.

Richards L.A. (1931) Capillary conduction of liquids through porous
mediums. Physics 1(5):318-333. https://doi.org/10.1063/1.1745010
Richter, H. and Cruiziat P. (2015) Essay 4.2: A brief history of the
study of water movement in the xylem, from Plant physiology
and development 6e companion. Available at: http://ée.plant-
phys.net/essay04.02.html# (accessed 8 July 2018).

Konceptualaus hidrologinio modeliavimo
sulaikymo ir jvedimo sistemy kirimas

Nugroho Suryoputro

2018/74/3

Slamet B. (2015) Intersepsi dan aliran permukaan pada trans-
formasi hutan hujan tropika dataran rendah Jambi (Interception
and surface flow in the transformation of the Jambi lowland
rainforest). Dissertation. Unpublished. Bogor. Institut Pertanian
Bogor.

Soni N.K. and Soni V. (2010). Fundamentals of botany (Vol. 2).
New Delhi. Tata Mc Graw Hill.

Subramanya K. (2013) Engineering hydrology. New Delhi. Mc
Graw Hill Education.

Sugawara M., Watanabe T., Ozaki E. and Katsuyame Y. (1983)
Tank model. Tsukuba. National Research Center for Disaster
Prevention.

Swank W. T. (1968) The influence of rainfall interception on
streamflow. Hydrol. Water Resour. Manage. Conf. Proc. Clem-
son Univ. Water Resour. Res. Inst. Rep. 4: 101-112.

Xiao Q. and McPherson E.G. (2002) Rainfall interception by San-
ta Monica's municipal urban forest. Urban Ecosystems 6: 291-
302. https://doi.org/10.1023/B:UEC0.0000004828.05143.67

Xu C. (2002) Hydrologic models. Uppsala. Uppsala University
Department of Earth Sciences Hydrology

Gauta:
2018 m. liepa

Priimta spaudai:
2018 m. rugpjutis

Statybos inZinerijos fakultetas, InZinerijos fakultetas, Ryty Java, Indonezija

Suhardjono, Widandi Soetopo, Ery Suhartanto, Lily Montarcih Limantara
Vandens iStekliy inZinerijos katedra, InZinerijos fakultetas, Universitas Brawijaya, Malangas, Ryty Java,

Indonezija

Sugeng Utaya

Geografijos katedra, Socialiniy moksly fakultetas, Ryty Java, Indonezija

Sio tyrimo tikslas - sukurti koncepcinj hidrologinj modelj (bako modelj) su perémimu ir $akny jsisavini-
mu. Jis buvo vykdomas Coban Rondo baseine, esanciame rajone, kuriame yra 89% misko ir plantacijy.
Kalibravimui, patikrinimui ir modeliavimui atlikti buvo naudojami 10 mety krituliy kiekio ir iSleidimo
duomenys. Kalibravime naudojamas hibridinis atsitiktinés paieSkos ir genetinio algoritmo optimizavi-
mo metodas. Buvo sukurta vandens balanso lygtis. Peremimo ir Saknies jsisavinimo parametry povei-
kis modeliavimo proceddrai buvo jvertintas naudojant Nash-Sutcliffe efektyvumo (NSE) koeficientg ir
suporuotg méginio t testa. Rezultatai parode, kad reikSmingumo lygis 5%, perémimo ir Saknies |sisa-
vinimo parametrai turéjo reikSmingg jtakg modeliavimui (t Stat = 8.457> t kritinis dviejy asiy = 1.980).
Modeliavimo efektyvumas padidéjo 26,98%, o NSE verté - 0,91.

Raktiniai ZodZiai: hidrologinis modelis, Saknies jsisavinimas.





