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Abstract

The proper management of water resources nowadays is a critical issue. In that sense,
accurate measurement of water balance components is a prerequisite for the proper
management of water resources since one cannot manage what one cannot measure. Due to
the difficulty in direct measurements of some of the water balance components such as deep
percolation, simulation models are applied. Recent increases in computational power have
motivated the application of more complex models of coupled environmental processes.
These models, however, require outnumbered parameters, which lead to the problem of over-
parameterization, meaning that many different parameter sets can lead to identical fits to the
observed data. Therefore, this study explores the application of integrated and physically-
based model HydroGeoSphere (HGS) in the framework of a weighing lysimeter in north-east
of Switzerland to pursue: 1) comparing the performance of different levels of complexity (in
terms of the number of parameters) for simulating daily water balance components (actual
evapotranspiration, water content, and lysimeter discharge) where three model concepts were
introduced; 11) addressing the output uncertainty of each concept at different time scales; I11)
application of a global and temporal sensitivity analysis as a diagnostic tool to address how
individual parameters of the model as well as their interactions can affect the output
uncertainty; V1) using a time-varying identifiability analysis method to investigate when the
maximum amount of information about model parameters can be derived, considering the
available data. The results of the study indicated that the most complex concept outperformed
the other simpler concepts in reproducing the daily water balance components based on the
performance metrics of R? and RMSE. However, the ideal required level of complexity, when
considered in terms of output uncertainty, was shown to be dependent on the time scales of
the simulated outputs. Exploring the results of the sensitivity analysis revealed that the
individual effects of model parameters as well as their interaction effects on model outputs are
required to be analyzed simultaneously to allow for the reduction in output uncertainty. The
identifiability analysis indicated that identifiability is a necessary but not sufficient condition
for a parameter to allow for reduction in the model output uncertainty. Overall our research
indicated that, based on the available data at the lysimeter scale, complex and integrated
models, such as HGS, are attractive solutions to reproduce complex features of the system but
they have the severe difficulties of parametrization, leading to their reduced predictive

capabilities.



Keywords: Physically based, HydroGeoSphere, Identifiability, DYNIA, Model complexity,
Prediction uncertainty, Preferential flow, Matrix flow, Temporal sensitivity, SOBOL’,
Lysimeter , Recharge, Evapotranspiration, Water content, Rietholzbach
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Chapter 1

1.1 Introduction

The proper management of water resources nowadays is a critical issue, not only in lands
which suffer from water scarcity but also in countries which are exposed to the risk of high
flows. In that sense, accurate measurement of water balance components is a prerequisite for
the proper management of water resources since one cannot manage what one cannot
measure. Water balance estimates strengthen water management decision-making, by
assessing and improving the validity of visions, scenarios and strategies. Therefore, water
balance estimation is an important tool to assess the current status and trends in water
resources availability in an area over a specific period of time. The water balance equation is a
simplistic mass balance equation, in which the difference between inputs and outputs is
equivalent to the change in storage of water in the system. The water balance for a given time
interval depends upon existing system storage (soil water content) and fluxes from the sides,
top (precipitation, runoff and evapotranspiration) and bottom (deep percolation) boundaries of
the model domain. In the following, a brief review of the importance and the estimation of
those components of a water balance equation which are difficult or cannot be directly

measured is given.

Water storage has been shown to be a controlling factor in generating high flows and
sustaining base flows in shallow groundwater areas such as headwater catchments. For
example, Rinderer et al. (2015) found in a pre-alpine monitoring site in Switzerland that
antecedent conditions (storage) were among controlling factors in the response time of
groundwater, preceding the peak of streamflow. Penna et al. (2015) found in a similar study in
a headwater catchment in the Italian Alps that independent from the geology and land cover
settings, the jointly effect of storage in the unsaturated zone and precipitation amount played
the dominant role in triggering the piezometric response and total catchment runoff. On the
other hand, the influence of water storage in sustaining the base flows have been addressed by
many (e.g., Blumstock et al., 2015; Hilberts et al., 2007; Matonse and Kroll, 2013). Tetzlaff
and Soulsby (2008) used isotopic and hydro-chemical data and showed the significance of
storage in pre-alpine headwater catchments on the quantity and quality of the base flow

waters.


http://www.sswm.info/glossary/2/letterw#term1427
http://www.sswm.info/glossary/2/letterv#term1503
http://www.sswm.info/glossary/2/letters#term1502

The change in water storage in a model domain is highly non-linear and has been shown to be
highly interacting with other water balance components such as evapotranspiration (Bowling
et al., 2003). Evapotranspiration is the sum of evaporation and plant transpiration from the
Earth's land surface to the atmosphere. The common approach to estimate actual
evapotranspiration (ETa) where direct measurement methods such as eddy covariance are not
available is to calculate potential evapotranspiration (ETp). It is the amount of water that
would be evaporated and transpired if there were sufficient water available. In that sense, ETp
will be adjusted to derive ETa based on the available water and cropped plant. However, this
method is uncertain due to the existence of over 50 methods to calculate ETp (Thompson et
al., 2014). Vazquez and Feyen (2003) evaluated the effect of three different methods for
estimating potential evapotranspiration on effective parameters and performance of the MIKE
SHE-code. They found that model performances were comparable and the best model
performance was obtained by using the higher ETp values. Bae et al. (2011) used three
alternative semi-distributed models and different ETp methods to simulate climate change
scenarios in central South Korea. Their results showed that the different ETp methods
impacted runoff changes, with the magnitude of ETp-related differences varying between

hydrological models and season.

Deep percolation (DP) or recharge, which is the amount of water that infiltrates into the
ground, passes the root zone and finally reaches the water table, is the other component of the
water budget. DP drives many of the hydrological processes (Bakker et al., 2013) and may
provide benefits including: recharging the aquifers, delaying return flow to the streams,
diluting contaminants from other sources such as septic tanks. Estimation of DP is often
concomitant with uncertainty due to the fact that it is very difficult and costly to measure it
directly (Lee et al., 2007). DP is usually estimated via indirect methods such as variations of
river streamflow (Combalicer et al., 2008), fluctuation of the water table (Marechal et al.,
2006), analytical soil water balance models (Rodriguez-Iturbe et al., 1999) and numerical

modeling using Richards’ equation (Carrera-Hernandez et al., 2012).

1.2 Problem description

Due to the difficulty in direct measurements of water balance components, simulation models
as useful tools are applied to simulate soil water balance processes (Soldevilla-Martinez et al.,
2014; Stumpp and Maloszewski, 2010). With regard to the interaction of the water balance
components and the fact that the components themselves are influenced by various factors

such as heterogeneity, sub layering, preferential flow paths in addition to hydrodynamic
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parameters such as field capacity, unsaturated conductivity, antecedent moisture and pore
connectivity (Augenstein et al., 2015; Morbidelli et al., 2011; Morbidelli et al., 2014),
mechanistic and physically-based models seem to be promising for simulation purposes (e.g.,
Bolger et al., 2011; Lafond et al., 2014; Rahim et al., 2012). Such models incorporate the
affecting factors on water balance components into one framework and help to better
understand the involved processes and the time when specific processes become dominant
(e.g., Ameli et al., 2015; Cornelissen et al., 2014; Frei et al., 2010). Preferential flow, for
example, is one of the processes that the dominant controls on its initiation and its interaction
with initial soil moisture are poorly understood (Merdun et al., 2008). In macroporous soils,
higher antecedent soil moisture generally increases the depth to which macropore flow
penetrates as well as increasing total percolated volume, (Granovsky et al., 1994; Jarvis,
2007). Graham and Lin (2011) analyzed 175 events and found out that initial soil moisture
(storage status) was clearly a control on preferential flow initiation. In contrast, Merdun et al.
(2008) reported that preferential flow was more evident when soil was initially dry compared
to two wetter treatments. Shipitalo and Edwards (1996) also found the relative contribution of
macropores to pesticide transport was greatest when the soil was dry and decreased as the soil
became wetter. Nimmo (2012) reviewed preferential flow occurrences and observations in
unsaturated conditions and suggested the need for models which do not imply wetter- faster
concept. Therefore, one of the main objectives of this thesis is to apply a physically based
model and investigate the initiation of preferential flow, its relevance to antecedent moisture
condition and its effects on the estimation of evapotranspiration, deep percolation and storage
change. Nonetheless, one should note that the outputs of mechanistic and physically-based
models could be very uncertain due to the problem of non-uniqueness or parameter
equifinality (Beven, 2006). Non-uniqueness happens when model parameters cannot be
estimated uniquely and therefore different sets of parameters values lead to similar values of
model performance criteria. There are a number of factors that cause the non-uniqueness
problem, including the interactions and correlations among the parameters being optimized
simultaneously, and the insufficient information content of experimental data used for
calibration. Therefore, the other two objectives of this thesis are to; i) investigate different
levels of complexity, implying the optimized number of parameters required to represent
vadose zone processes and avoid equifinality ii) evaluate the worth of different observation

datasets in constraining model parameters and therefore reducing their uncertainty.

In order to accomplish the objectives of this thesis, high quality data of water balance

components are required. It goes without saying that an accurate estimation requires accurate
3



measured data for validation. In that sense, weighing lysimeters are appropriate experimental
facilities for accurate measurement of soil moisture change, evapotranspiration and deep
percolation. Lysimeters have been widely used in hydrological and water balance studies due

to:

Measurements: All measurements have limitations in accuracy and one can just expect the
measured data to be the least-biased. Weighing lysimeters provide the opportunity to measure
the water balance components such as actual evapotranspiration with high accuracy. In that
sense, actual evapotranspiration based on lysimeters measurements have been employed as
reference data to evaluate established methods and develop new formulations for estimating
actual evapotranspiration (Kashyap and Panda, 2001; Liu and Luo, 2010). In the sense of
recharge estimations, lysimeter data have been used as reference to validate recharge
estimation methods (e.g., Soldevilla-Martinez et al., 2014; von Freyberg et al., 2015).

Scale: Lysimeters can reproduce field-like conditions. These conditions can be discussed in
terms of the atmospheric boundary conditions and heterogeneity versus homogeneity among
soil particles. It is well-accepted in the hydro(geo)logy community that the established
formulations, such as Richard’s equation for the simulation of flow in variably saturated
medium fail at the field scales (Beven and Germann, 2013; Gerke and Kohne, 2004; Kohne et
al., 2006). The reason is that such formulations have been developed under well-controlled
boundary conditions in the lab and assume homogeneity among soil particles. Applications of
such equations at the lysimeter scale help to understand the limitations of the established
formulations under transient conditions and where heterogeneity among soil particles exist.
Also, due to the rather small area of a lysimeter in comparison to a catchment, the spatial

variation in the precipitation as the model input is negligible.

Wide applicability: The information about evapotranspiration and seepage values which can
be derived from lysimeters have wide applicability for large-scale management of water. For
example, Seneviratne et al. (2012) showed that the lysimeter seepage and catchment-wide
discharge at monthly scale had a linear correlation of 0.91 based on thirty one years of
recorded data. Lysimeters also increase the capability for the cross comparison of results

between sites.

In spite of the above-mentioned advantages of using lysimeters in hydrological studies, one
should also note the limitations of lysimeters for water balance and hydrological studies. For

example, although unsaturated zone drainage from the weighing lysimeters provides the most

4



direct measure of potential recharge, it does not incorporate spatial variability that is
contained in watershed-wide estimates of net recharge. Also, the walls of lysimeter casings
prevent the latter movement of water from or to the surrounding area. This issue becomes
important in the periods of perched water tables. Last but not least is the measurement of
runoff which may occur on the top of lysimeters. Usually lysimeters are built, including the
one used in this research, with an edge on the top which does not let the collected water on the
upper-lying areas to be diverted around the lysimeter.

1.3 Structure of the thesis

This PhD thesis consists of five chapters which address the research objectives stated above.
The first chapter starts with introducing the importance of water budget estimation in
managing water resources. It continues with a brief review of the methods that are applied to
estimate those components of a water balance equation which cannot be or are difficult to
measure directly. Consequently, mathematical models as useful tools to simulate water
balance components are introduced. In that sense, an elaboration on the advantages and
limitations of mechanistic and physically based models is given. To alleviate the limitations
of the applicability of such models, lysimeters and their applications in water balance studies
are introduced. The chapter comes to an end after outlining a brief review of the contents of
the chapters in this thesis.

Chapter two describes the role of subsurface flow dynamics in generating runoff and
sustaining the base flow of rivers in shallow groundwater catchments. Application of the
tracers methods and simulation models for identification of subsurface flow mechanisms and
quantification of subsurface flow contribution to flow generations are addressed. Advantages
and limitations of integrated and physically-based models for simulating the water balance

components, including subsurface flow dynamics are highlighted in this chapter.

The third Chapter focuses on comparing different levels of complexity for simulating the
water balance components in a weighing lysimeter. Three conceptual models, each
representing one level of complexity are introduced. In the following, it is described how a
targeted calibration of these three models were accomplished and how the calibrated models
were compared in terms of their performances. In the end, an assessment of the predictive
capability of the three models in reproducing deep percolation at the time scales of rainfall

events, months, seasons and years are presented.



Chapter four addresses the application of sensitivity and identifiability analyses as two
diagnostic tools for better understanding of the complex models behaviors. The main
objectives in this chapter are to; i) perform a temporal sensitivity analysis (TSA) to study how
the uncertainty in the model output can be apportioned to different inputs, ii) carry out a
temporal identifiability analysis (TIA) of model parameters to extract the maximum
information content from available observations, and iii) discuss the relationship between
TSA and TIA results.

Last chapter comprises two sections. In the first section, a short summary as well as the key
findings of the research are described. In the second part, the limitations of the study in

addition to some recommendations for future research are presented.



Chapter2

Subsurface flow contribution in the hydrological cycle: Lessons learned
and challenges ahead - A review

Published in Environmental Earth Sciences Journal

Ghasemizade, M., Schirmer, M., 2013. Subsurface flow contribution in the hydrological cycle: lessons
learned and challenges ahead-a review. Environmental Earth Sciences 69(2) 707-718.

Abstract

Subsurface flow to maintain base flow and its contribution to high flow is of high
significance. The high contribution of subsurface flow to stream flow has usually been
determined based on the application of tracer methods. However, there are some studies that
challenge tracer test applications. These studies have shown that tracer test applications lead
to a high percentage of subsurface flow contribution since advection and dispersion effects are
not individually considered in the mass balance equation. On the other hand, there is not yet a
broad consensus of the responsible mechanisms that justify high contributions of underground
water to river flows. In this paper, we focus on the contribution of subsurface flow to high
flows, although a brief description of their role in low flows is included. We discuss different
suggested mechanisms, considering their applicability, strengths and inadequacies. Also, the
application of tracer experiments is elaborated. Finally, the challenges of modeling
surface/subsurface flow interactions are addressed, followed by a short description of our

future targets.



2.1 Introduction

Despite the fact that groundwater and surface water are often hydraulically interconnected,
they are traditionally considered as two separate systems and are analyzed independently.
Such a separation is partly due to the belief that groundwater movement has a much larger
timescale than that of free surface water movement, and partly due to the difficulties in
measuring and modeling their interactions. There exist extensive hydrodynamic models, with
different levels of complexity that treat the surface and subsurface flows independently.
Nevertheless, the importance of considering the surface water and groundwater as a single
body has become an increasing necessity, in terms of both high flows/peak flows/floods and
low flows/base flow (Liang et al., 2007; Weill et al., 2011; Winter et al., 1998). We note that
regional/trans-boundary deep groundwater flow is not the focal point of this paper,
particularly when we discuss high flows. In fact, the focus is on hillslope areas where
groundwater table is shallow. In these areas the unsaturated zone controls the separation of

rainfall into surface runoff and infiltration during a rainfall event.

2.1.1 Base flow and low flow

Streams can originate from different sources. The main sources are glaciers, overland flow
due to precipitation and subsurface (groundwater) flow. Among these, the latter is the least
variable source (Winter, 2007) and therefore the role it plays in terms of sustainability should
be considered carefully. This is especially true when groundwater provides a storage
mechanism that can help to potentially mitigate negative effects of climate warming on the

availability of water resources and maintaining river base flows.

Base flow is defined as the component of flow in a river which is not the direct consequence
of the rainfall event but is considered as the outflow of the groundwater reservoir feeding the
river during the rainless period (Frohlich et al., 1994). Nevertheless, base flow is typically
investigated in the context of rainfall runoff studies in which it is separated from generated
stream flow during precipitation. Regarding the importance of base flow in maintaining
sustainability, few studies have investigated the involving mechanisms which generate stream
flow during inter-storm/seasonal base flow periods (e.g. Kish et al., 2010; Payn et al., 2012).
These mechanisms become important when the object is determining base flow (low flow
indices) in ungauged catchments (sites). In recent years, problems of droughts have focused
attention on base flow periods and the processes sustaining water resources for both human

consumption and ecosystem needs during dry spells (Jones et al., 2006b; Lehner et al., 2006).
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Nonetheless, base flows are often viewed as rather “dull”, static periods compared with more
“exciting” flood events. Furthermore, the processes contributing to low flows are often
considered to be “simply” groundwater discharges to surface waters. Also, in most cases base
flow separation has been accomplished during a rainfall runoff simulation that does not help
understanding base flow processes seasonally, particularly when evapotranspiration is high.
Additionally, a given system or reach may be losing during high flow/river stage but become
gaining as flow declines and the hydraulic gradient shifts toward the channel. Studies have
shown that such two-way exchange does occur and that it can impact riparian groundwater
and stream flow chemical composition long after floodwaters recede (Baillie et al., 2007;
Squillace, 1996; Whitaker, 2000).

In many cases, the majority of stream flow discharge during low flow periods is derived from
groundwater storage releases (Smakhtin, 2001). Low flow, as it was defined by the
international glossary of hydrology (WMO, 1974) is the “flow of water in a stream during
prolonged dry weather”. So, considering groundwater resources as reservoirs that could
maintain sustainability as well as knowing how these reservoirs are operating are of great
significance. The percentage contribution from groundwater to streams has been reported as
high as 60 % by Liu et al. (2004), greater than 75 % by Clow et al. (2003) and up to 80-100
% for snowmelt in three high elevation basins by Huth et al. (2004) [For more examples of
the role of groundwater in maintaining base flow, readers are referred to Winter (2007)].
Using a multiple linear regression equation to predict seasonal low flows in Selwyn River in
New Zealand, McKerchar and Schmidt (2007) concluded that low flows decreased at a rate of
about 32 L/s per year over the 22 years of recording. They attributed this decrease to
groundwater abstraction and emphasized as well the role that groundwater could play in

maintaining low flow.

To avoid seemingly different interpretations in sustaining stream flow, a distinction should be
made between the water that is stored in the soil and moves through the phreatic zone (inter-
flow or through-flow) and deep groundwater. Although there is rich literature on the
importance of soil in sustaining base flow seasonally, it is not well documented how soil
water interacts with base flow. Maybe the research done by Edlefsen and Bodman (1941),
was one of the earliest in the context of soil water dependent base flow. They showed in a plot
scale, which was soaked to a depth of 7 m by irrigation and sealed to prevent evaporation, that
drainage was continuous over a period of 832 days. Nixon and Lawless (1960) calculated

from moisture measurements the downward movement of approximately 28.5 cm of
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previously stored soil moisture (soil-water) from a 6 m profile of sandy soil during a 6-month
dry season. They concluded that slow drainage from unsaturated soil may contribute
significantly to groundwater recharge. Remson et al. (1960) indicated through their studies of
an intermediate zone at Seabrook, New Jersey, USA, that downward gradients of hydraulic
head produced slow but continuous rates of drainage even during the season of

evapotranspiration.

Recent studies at the mesoscale (ca. >100 km?) have shown that different parts of catchment
landscapes can have markedly contrasting roles in low flow generation (Orr and Carling,
2006; Peters et al., 2006). The aggregated effects of such spatial variation in catchment
characteristics are often unclear. For example, using geochemical tracers and hydrometric
data, Tetzlaff and Soulshy (2008) showed for a 1849 km? watershed in Scotland that periods
of base flow were very dynamic for sub-catchments of the watershed, based on different
reactions of sub catchments to isolated small rainfall events. The issue of diurnal variability in
low flows is clearly an issue that warrants further study in order to identify the process
controls (Wondzell et al., 2007). Also, there are a few studies which have investigated the
nature of interacting controls on low flow generation mechanisms in larger river systems (>
1000 km?). Due to the usual absence of major aquifers in montane headwaters, they are not
considered as large contributors of base flow. Therefore, attentions are often shifted to larger
groundwater resources in lowland areas as the assumed sources of base flows. According to
Shaman et al. (2004) the two limiting factors for lack of enough large-scale studies on
controlling factors of low flow generation mechanisms are: 1) absence of tools that allow
processes to be extrapolated from point scales to larger catchment scales; 2) downstream
increasing anthropogenic impacts in larger catchments and thus, masking natural variability.
Tetzlaff and Soulsby (2008) stated that the role of headwater on groundwater in maintaining
sustainable downstream low flow is not well recognized in the UK. They also emphasized that

base flow generating mechanisms are more complex than what is believed.

Based on what has been explained above, it is clear that further research is needed to
understand how base flows sustain water supplies and aquatic ecosystems, if appropriate
management is sought to protect these catchment services from environmental change. We
believe that better understanding of the interacting controls on low flow generation

mechanisms can lead to better management of limited water resources.
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2.1.2 High flow

The exerted role of subsurface flow has been shown to be of key importance in runoff
generation. Pinder and Jones (1969) were among the first scientists who showed the
influential contribution of groundwater in runoff through employing a mass balance equation
for solutes. They showed that the groundwater component of runoff varied from 32 to 42
percent for three sub basins in the US. To many, it might seem that groundwater movement
speed is not fast enough to contribute to runoff generation, but it has been shown, through
numerical and experimental studies, that subsurface flow can transmit water at rates sufficient
to contribute to storm flow (Fiori et al., 2007; Freeze, 1972; Harr, 1977; Pierson, 1980).
Wenninger et al. (2004) showed that subsurface contribution was about 80% during a double
peak flood event.

It should be mentioned that when the term subsurface flow is used, it could be the old water
(pre-event) already stored in the catchment or new water (event water) that moves
underground due to precipitation. Whether the subsurface flow contribution is dominated by
old water or new water is still challenging due to different research results. For example, on
one hand, Cloke et al. (2006) indicated that pre-event water played a minor role in runoff
generation and just in a small number of cases high proportions of old water were observed at
the outflow. On the other hand, applying a series of two-dimensional (2D) numerical
simulations, Fiori and Russo (2007) concluded that the principal mechanism for stream flow
generation in rainfall runoff processes is subsurface flow along the soil-bedrock interface
combined with groundwater ridging in the vicinity of the hillslope base. In fact, they
determined pre-event water as the dominant discharge contributor to stream flow. This topic

is discussed in detail in Section Mechanisms.

It is generally agreed that once rain falls on the land surface, the unsaturated zone controls the
separation of rainfall into surface runoff and infiltration. However, how and when the
unsaturated zone starts to play this role is under intensive research. Some theories have been
suggested from which three of them have been widely accepted. They are subsurface storm
flow, variably saturated subsurface flow and partly saturated subsurface flow. These
conceptualizations of runoff generation are discussed in details in Section Mechanisms.
Generally, it is agreed that if the dominant mechanism is determined or observed, the way for
estimating flood features in ungauged catchments is paved. In practical engineering, dominant
mechanism or physics-based applications are rarely pursued. Instead, engineers apply a
probability distribution model for estimating rare flood events for designing flood control
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structures. Although this approach is easy to use and may result in good estimations,
particularly in catchments which have long flow records, it assumes that future events are
similar to those previously observed (stationarity). Also, this method is ill suited to address
hydrologic responses to climate or/and land use changes. In summary, knowing peak flow
generation mechanisms can lead to estimations which make sense physically and could also
be applied in ungauged catchments as well as catchments in which long records of flow data
do not exist.

With respect to the studies of high flows, there are two different kinds of challenges. On the
one hand, different theories have been suggested to explain the physical responsible
mechanisms that convert the subsurface flow into stream discharge (Cloke et al., 2006;
Mcdonnell, 1990; Weiler and Naef, 2003). On the other hand, there are studies that challenge
the standard application of mass balance equations, which are used as a basis to estimate
subsurface flow contribution to stream flow. These equations are believed to lump the
advective and dispersive/diffusive fluxes and thereby affect the interpretation of data (Chanat
and Hornberger, 2003; Jones et al., 2006a; Park et al., 2011). In the following, we review the

two above-mentioned challenges individually and address the research needs in these areas.

2.2 Mechanisms

Subsurface storm flow is defined as “the water that infiltrates through the ground surface,
flows laterally toward the stream as unsaturated flow or shallow perched saturated flow and
enters the stream through a seepage face that is above the stream flow level and below the line
that the water table intersects the bank river” (Freeze, 1974). Freeze (1974) described the
terms “interflow” and “base flow” as part of the stream hydrograph that can be attributed to
lateral inflow from the subsurface storm flow and groundwater flow, respectively. He divided
the responsible mechanisms for runoff generation in an arbitrary classification into two

categories: overland flow and subsurface storm flow.

The concept of runoff generation due to overland flow was first discussed by Horton (1933).
He showed through some observations and empirical infiltration curves, that runoff happens if
the rainfall intensity exceeds the infiltration capacity. Rubin (1966) showed that if unsaturated
soil properties, initial soil moisture conditions, and rainfall intensity are known, the
infiltration curves can be predicted. He identified rainfall rates greater than the saturated
hydraulic conductivity and rainfall duration longer than the time required for soil to become

saturated at the surface, as neces