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CONTENTS 2

Contents

1 Introduction 3

2 Data 5

2.1 Stubbetorp . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Velen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 Modelling 7

3.1 Soil water content . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.2 Infiltration, evaporation and runoff . . . . . . . . . . . . . . . 9

4 Model description 12

5 Simulations 16

5.1 Model calibration . . . . . . . . . . . . . . . . . . . . . . . . . 16
5.2 Stubbetorp . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
5.3 Velen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
5.4 Related work . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.5 Modelling and scale . . . . . . . . . . . . . . . . . . . . . . . . 26

6 Future work 28

7 Conclusions 31



Introduction 3

Chapter 1

Introduction

Transport of chemical substances in a catchment depend to a large extent on
the water content of the soil through which they are transported. Fluctua-
tions in groundwater level and water content in the unsaturated zone in the
soil causes variations in redox conditions, which in turn affect the chemical
composition of soil water and runoff. The water content of the soil also af-
fects the flow velocity. This have an impact on how many chemical reactions
can take place while the water pass through the soil (Soulsby, 1997).

In order to simulate runoff chemistry, a model which has a continous rep-
resentation of soil water between the soil surface and groundwater level is
needed. There are many hydrological catchment models available. A selec-
tion of such models are described in (Singh, 1995). Physically based models
simulating water content in soil often require a lot of parameters which can
be hard to measure and generalise over a large area. Conceptual hydrologi-
cal models on the other hand generally have a too simplified representation
of soil water for the purpose of this study. What is needed is a hydrologi-
cal model which have as few parameters as possible, has a representation of
hydrological processes which is reasonable to apply on catchment scale and
which also is able to simulate water content at any depth in a soil profile.
This model could then be coupled to a soil chemistry model.

A previous study connected soil and response routines of the conceptual
HBV/PULSE model in order to create a model with a continuous soil pro-
file. This model was able to simulate runoff and total soil water content in
the unsaturated zone satisfactory, but there were problems with simulating
groundwater levels and variations (Berg, 2002).

The aim of this study is to develop a hydrological model which is able to
simulate soil water content at different depths and groundwater level in a soil
profile. Since runoff simulation has worked well in the previous models, and
accurate predictions of runoff is necessary for simulation of solute transport,
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runoff simulations will also be conducted with the new model. The equation
for calculation of runoff will however not be altered.
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Chapter 2

Data

Data from two field research areas in Sweden, Velen and Stubbetorp, were
used for calibration and validation of the model. The areas are described
below.

2.1 Stubbetorp

The Stubbetorp catchment (58 ◦44’N; 16 ◦21’E) is situated about 120 km SW
of Stockholm. The area of the catchment is 0.87 km2 (Maxe, 1995). Nearly
half the area is covered with till, and a little more than one third is bedrock
(<0.5 m soil cover). The remaining soil consists of sand, organic soil and
gravel (Maxe, 1995).

Groundwater level measurements every hour at an automatic measure-
ment station 1993 to 1994 were available. In this study, daily averages of the
measurements were used.

A total of 700 readings of groundwater levels in 14 tubes along a hillslope
between December 1986 and June 1990 were available for validation of the
model. The time interval between measurements is a week or more, usually
two weeks. Tube 25 was selected as it is one of the tubes which are situated
in a recharge area. It also has 50 measurements during the period, which is
more than most other tubes in the recharge part of the hillslope.

Daily precipitation and temperature measurements from the climatolog-
ical station 8637 Norrköping-Sörby (58 ◦36’N; 16 ◦7’E) 1986-1990 and 1993-
1994 were used as input to the model. Estimations of potential evapotran-
spiration were taken from (Eriksson, 1981). Daily runoff measurements at
the Stubbetorp catchment 1986-1990 and 1993-1994 were also available.
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2.2 Velen

The Velen catchment (58 ◦42’N; 14 ◦19’E) was selected as represenative for
coniferous forests on till soils during the International Hydrological Decade
(Andersson, 1989) and after the IHD, it continued to be used as a field
research area (Carlsson, 1985). The total area of the catchment is 45 km2,
of which 18 km2 consists of the subbasin Nolsjön. Two thirds of the area is
covered with a mixed coniferous forest. The rest consists of equal amounts
of lake, field and bog.

Weekly neutron probe measurements of soil water content at the site
Sjöängen 7, between 1967 and 1972 (Andersson, 1989) were used in this
study. Calculated mean soil water content for three soil layers (6-30 cm,
30-60 cm and 60-100 cm) (Gardelin, 1992) were used in order to be able to
compare the results with a previous study (Gardelin, 1992).

Measurements of groundwater levels one or two times a month at Sjöängen
1967-1972 are available (Sandén and Warfvinge, 1992). The groundwater
levels were measured at the same site as the soil water content.

Daily precipitation and temperature measurements at Sjöängen 1967-1972
were used as model input. Monthly values of potential evapotranspiration
(Örebro station) were taken from (Wallén, 1966). Daily runoff measurements
for the Nolsjön subbasin 1967-1972 were also available.
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Chapter 3

Modelling

Hydrological processes take place on different spatial and temporal scales and
can be described by different physical laws (Klemeš, 1983). When developing
a model it is important to find the processes which have the greatest influence
on the chosen scale with regard to the purpose of the model. Which parts
of the hydrological cycle are of interest in hydrological catchment models?
The answer depends on several factors, e.g. the purpose of the model and
the modellers background. Processes which are often included are precipita-
tion (reaching the ground and intercepted), infiltration, groundwater supply
to vegetation, (saturated) overland flow, evaporation from soil, groundwater
supply to streams and lakes, evaporation from lakes and evaporation from
intercepted precipitation (Singh, 1995). Although these processes are consid-
ered important on catchment scale and often included in catchment models
(Singh, 1995), the current theories of the processes are developed at smaller
scale (Sivapalan and Kalma, 1995). Due to difficulties concerning measure-
ments at catchment scale or other larger scales, this problem will probably
persist (Beven, 2002).

Most of the above mentioned processes will be included in this model.
Processes concerning lakes and rivers are not included however, since this
study focuses only on water content in soil and runoff generation. Runoff
routing, processes in lakes and streams and similar will be added at a later
stage, when the soil part of the model is working satisfactory.

In order to run the model, the amount of water which reaches the soil sur-
face (precipitation, snowmelt etc.) need to be calculated. For this purpose a
snow routine which was originally developed for the HBV model (Bergström,
1995) is used. This routine takes into account precipitation (rain or snow),
interception, evaporation from intercepted precipitation, snow melt and re-
freezing (Bergström, 1995). It is only used to produce input to the soil model
and will not be modified in this study.
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The main purpose of the soil routine is to simulate groundwater level and
water content at selected depths in the soil. Thus, more processes need to be
taken into account in the model than for example in a rainfall-runoff model
where internal variables in the soil area are not of interest for the purpose of
the model. Hydrological processes which are included here as well as in the
previous model are infiltration, evaporation from soil and runoff generation
(Berg, 2002). They will, however, be represented in a different way than in
the earlier model. In the present model, saturated overland flow will also
be added in order to avoid problems with infiltration when the groundwater
level reaches the soil surface.

Since the model is intended to be applied on catchment scale later, the
representations of different processes are selected with that in mind.

3.1 Soil water content

The majority of models dealing with soil water distribution and transport can
be said to belong to one of two different categories. The simplest approach is
found in the models usually described as ’conceptual’. Soil water storage in
those models is represented as one or more boxes (Singh, 1995; Wilby, 1997).
The other common modelling strategy is to divide the soil into many layers
and calculate water flow between the layers by solving for example mass-
and energy transfer equations for all layers. This type of models are often
classified as ’physically based’ since they are based on physical laws such as
Darcy’s law (Wilby, 1997).

Many parameters for physically based models have a physical meaning,
but they are often difficult to measure due to soil heterogenity and various
other reasons. Properties related to soil water content are one example.
Hydraulic properties for a soil are hard to measure e.g. due to their hysteretic
nature (Luckner et al., 1989). Hysteresis in this case means that the soil
moisture characteristics are different depending on whether the soil is wetting
or drying. This also makes it difficult to make exact models of the soil
moisture since the model has to keep track of the previous states of soil
water content. There are soil models which include hysteresis (Luckner et al.,
1989; Jansson and Karlberg, 2001) but most physically based models on the
catchment scale does not (Beven, 2000).

Due to the difficulties with measurement of the parameters, methods have
been developed which estimates the parameters using e.g. the texture of the
soil and other properties which are more easily measured (Beven, 2000).

The model developed in this study is a conceputal model with a represen-
tation of soil water which is more detailed than in similar models, but still
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simple. In the previous model (Berg, 2002), soil water content was assumed
to be constant throughout the unsaturated zone. This simplification led to
far too small variations in groundwater levels in relation to changes in the
total water content in the soil. In this study, a representation of soil moisture
is used where the water content is increasing linearly from a minimum value
at the soil surface to a maximum value near the groundwater level.

Since water content in saturated soil, θs, can be estimated to porosity
(Kut́ılek and Nielsen, 1994; Schmalz et al., 2003), soil water content at
groundwater level and below is assumed to be equal to the porosity, φ, in
the model. Soil water content at wilting point, θr, have been set to zero in
several other studies (Schmalz et al., 2003). This assumption is however only
a reasonable simplification for sand and soils with similar characteristics. If
the soil consists of clay, θr is much larger. In moraine soils, θr is small but it
is not certain that it can be approximated to zero (Grip and Rodhe, 1994).
In short, the simplest modelling approach is to assume that θr is approxi-
mately zero, but this gives the model limitations in which soils it can be used
on. The alternative is to add θr as a parameter. In the present model, θr is
assumed to be zero.

3.2 Infiltration, evaporation and runoff

In order to compute soil water content and groundwater levels, the water
balance for each time step need to be calculated. That is, the amount of
water entering the soil and leaving the soil every day have to be computed.
The three major processes which affect the water balance in the soil model
is infiltration, evaporation from soil and runoff generation.

The infiltration of water into a soil depends on the hydraulic conduc-
tivity of the soil. The greater the hydraulic conductivity, the faster is the
infiltration process (Kut́ılek and Nielsen, 1994). Another way of expressing
the infiltration rate in a soil is the hydraulic transmissivity (Beven, 2000). It
is distinguished between saturated and unsaturated hydraulic conductivity.
The unsaturated hydraulic conductivity K is smaller than the saturated hy-
draulic conductivity Ks for the same soil (Kut́ılek and Nielsen, 1994). Both
Ks and K are dependent on the soil porosity (Kut́ılek and Nielsen, 1994).
The infiltration rate during e.g. a rainfall event decreases with time and
reaches a constant value. This can take from ten minutes to several hours
(Kut́ılek and Nielsen, 1994).

The porosity of the soil vary with depth depending on the development
of the soil layers, but it is usually highest near the soil surface and decreases
with depth (Kut́ılek and Nielsen, 1994). The hydraulic conductivity generally
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decreases exponentially with depth (Beven, 1995).
Since the present model is run on a daily basis, the infiltration rate is

assumed to be constant. In order to keep the model as simple as possible, the
least complicated solution is tried first and only if it fails a more complicated
solution is used. In this case it means that all water is infiltrated at once
instead of gradually, which would be more realistic. The groundwater level
and soil water content is used to determine how much water can be infiltrated.

Accurate estimates of evapotranspiration is important for calculations of
water flows and storages in a catchment. It is also very difficult to measure.
A distinction is made between potential and actual evapotranspiration. Po-
tential evapotranspiration is the maximum evapotranspiration rate, which
would occur if the surface was wet and the transport of water to the surface
was unlimited (Kut́ılek and Nielsen, 1994). Actual evapotranspiration occur
when the surface is not wet, and the evapotranspiration rate is dependent
on a limited supply of water from the soil (Kut́ılek and Nielsen, 1994). A
common way of calculating evapotranspiration, both potential and actual, is
the Penman equation or the Penman-Monteith equations (Singh, 1995). The
Penman-Monteith equation is based on an energy balance for the surface and
calculations of heat transfer. It is a function of various physical properties
of the air including air pressure, wind velocity and the saturation deficit of
the air (Kut́ılek and Nielsen, 1994). In this equation, it is assumed that the
vegetation is homogenous.

A much simpler way of calculating potential evapotranspiration is by
using a sine function (Beven, 2000). This type of solution has proven itself
to give as good results as the physically based methods (Calder et al., 1983).
Simpler Penman models are also used, e.g. in conceptual models. In those
models, evapotranspiration take place at the potential rate until the soil
moisture reaches a limit where the evapotranspiration rate decreases (Wilby,
1997).

Evaporation from the soil in the model on which the present model is
based is calculated in the same way as in the HBV model (Bergström, 1995).
Since the representation of soil water will be changed, this way of computing
evapotranspiration is not consistent with the rest of the model. Therefore
another way of calculating the actual evaporation is used. Here, evaporation
is related to the groundwater level. Since the soil water content in the unsat-
urated zone is higher for shallow groundwater levels than for deeper, evapo-
ration is indirectly related to the soil moisture, which makes this solution a
reasonable first approximation. Estimates of mean potential evapotranspira-
tion for each month are available and will be used in the model.

Runoff in conceptual models is usually calculated using one or more boxes
for water storage with linear or non-linear outflows. Many models use a com-
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bination of those two. It is for example common to use a base flow component
in combination with a ’rapid’ flow component which is more dependent on
precipitation and water storage in the soil surface layers (Singh, 1995). Over-
land flow in conceptual models usually occur when the soil moisture storage
has reached a certain level (Singh, 1995).

In physically based models, runoff is represented as a combination of
channel flow, overland flow and subsurface flow (Beven, 2000). Channel flow
and overland flow are calculated in roughly the same way. In both cases the
flow is computed using the average depth of a cross section and the average
velocity of flow through that area. Subsurface flow in both the unsaturated
and saturated zones is expressed using Darcy’s law in different forms, e.g. the
Richards equation. Darcy’s law calculates flow velocity using the hydraulic
gradient and hydraulic conductivity (Kut́ılek and Nielsen, 1994). Overland
flow occur for example when the hydraulic conductivity has reached a value
which limits the infiltration, or when the groundwater level has reached the
surface (Singh, 1995).

The way of describing runoff generation from the saturated zone which
is used in this study originates from the HBV-96 model (Lindström et al.,
1997). It was used in the previous model, which generated good predictions
of runoff (Berg, 2002), and will remain unchanged in this model. Saturated
overland flow in the present model occur when the groundwater level reaches
the soil surface.
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Chapter 4

Model description

The model developed in this study is based on a previous model (Berg, 2002)
which is a modification of the HBV/PULSE model (Carlsson et al., 1987).
The main difference between this model and most other models of the HBV
type is that the soil moisture and response routines are merged, with the
groundwater level as a boundary between unsaturated and saturated storage
(Berg, 2002). A similar solution is presented in (Seibert et al., 2003), who
have developed a model where the sizes of the saturated and unsaturated
storages are explicitly related, but where the groundwater level is represented
by the saturated storage volume.

Several different modelling solutions were considered. Although the basic
assumptions are the same in all models, there are a number of ways of making
the calculations, which can give quite different results. There is for example
a choice between gradual infiltration, evaporation and runoff generation and
instantaneous. The effect of the different processes on the soil water stor-
ages can be calculated sequentially or at the same time, or a combination
where for example infiltration is calculated first and then evaporation and
runoff are subtracted at the same time. Here, all processes are accounted
for simultaneously. This means that runoff and evaporation are computed
using yesterday’s water storages. The current solution lead to different re-
sults compared to a solution where water is first infiltrated and then runoff
and evaporation are calculated using the new, higher storage values. It is
not certain, however, that this difference is large enough to justify the last
mentioned type of solution.

Input to the soil model is calculated by a snow routine as described in
section 3. Variables in the snow routine which are of interest in this study
are listed in table 4.1. An overview of the parameters used in the soil model
is presented in table 4.2.

Soil water content in the model vary between zero and the porosity at the
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Table 4.1: Variables in the snow routine: Input variables and the output
variable which is used by the soil routine.

Variable Type Description
P input daily precipitation measurements
T input daily temperature measurements

EP input monthly averages of estimated potential
evapotranspiration

V output water volume reaching the soil surface

soil surface, and is equal to the porosity at the groundwater level and below.
Soil water content at the soil surface, θsurface, can only obtain values lesser
than the porosity. θsurface can also obtain negative values for calculation
purposes when the groundwater level is low (see equations (4.2) - (4.8)), but
the calculated soil water content at a specified depth d, θd, is always assumed
to be θr or higher. When θsurface = φ, the groundwater level is at the soil
surface. Water content at a specific depth is calculated as

θd =

{

d
λ
· (φ− θsurface) + θsurface d < λ

φ d ≥ λ
(4.1)

where θd is soil water content at depth d mm, θsurface is soil water content at
the soil surface, φ is the estimated porosity of the soil and λ is the current
groundwater level in mm. As in the previous model (Berg, 2002), the soil is
assumed to be homogenous regarding total porosity.

Table 4.2: Model parameters used in the soil routine.
Parameter Description

φ soil porosity
k runoff coefficient
α runoff coefficient (exponent)

λQ groundwater level below which the saturated zone
is not contributing to runoff generation

λE groundwater level below which soil water is not
contributing to evaporation

ρ the relation between φ− θsurface and λ

The saturated and unsaturated zones are separated by a moving boundary
which represents the groundwater level. Soil water content is represented in
such way that the relation between water free pore volume (φ−θsurface) at the
soil surface and the groundwater level λ (fig. 4.1) is kept at a constant value
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Figure 4.1: Representation of soil water in the model. U is unsaturated
storage and S saturated storage, V is the pore volume which is not occupied
by water. θ represents the soil water content; θsurface is soil water content
at the surface and φ porosity. λ is the groundwater level, λQ the reference
level for runoff generation and λE the reference level for evaporation.

which is represented by the parameter ρ. Soil water content at soil surface
is calculated using porosity, current groundwater level and ρ (eqn. 4.2). The
amount of water which can be infiltrated, V , is determined by groundwater
level, ρ and soil water content at soil surface (eqn. 4.3). Evaporation, E, and
runoff, Q, are calculated using equations (4.4) and (4.5). Evaporation only
occur if the groundwater level is above a reference level λE. In the same way,
runoff only occur if the groundwater level is above λQ. Saturated storage S is
set to zero at λQ. The groundwater level is calculated according to equation
(4.6), where Vin is the water generated by the snow routine. Finally, water
content in the saturated and unsaturated zones are computed using equations
(4.7) and (4.8).

θsurface = φ− ρ · λ (4.2)

V =
λ · (φ− θsurface)

2
(4.3)
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E =











Ep λ ≤ λQ

Ep ·

(

λE−λ

λE

)

λQ < λ < λE

0 λ ≥ λE

(4.4)

Q = k · Sα+1 (4.5)

λ =

√

2 ·
V − Vin + Q + E

ρ
(4.6)

S = (λQ − λ) · φ (4.7)

U = λ · φ− V (4.8)

Initial values in this model are somewhat different from the initial values
used in HBV/PULSE and similar models. Only one initial value, λ0, need
to be specified. All the other values are then calculated using λ0 and various
parameters. If measured groundwater level is available for the first day of the
simulation, it is used as an initial value. The initial value for the groundwater
storage variable S, S0, in this model is calculated using equation (4.8) instead
of estimated separately. Initial storage of water in the unsaturated zone, U0,
is also obtained differently. Instead of using an initial soil moisture deficit
and field capacity, U0 is computed using groundwater level and soil water
content at the soil surface as in equation (4.7).

When θsurface = φ the groundwater level is at the soil surface. Any
remaining water which would have been infiltrated is added directly to runoff.
This way the model also accounts for saturated overland flow. Simulation
of overland flow is not evaluated here however, since it is not part of the
objective of this study.



Simulations 16

Chapter 5

Simulations

5.1 Model calibration

Monte Carlo simulation with uniform distribution of the parameter values
between lower and upper limits was used to calibrate the model. R2 values
according to (Nash and Sutcliffe, 1970) for the groundwater level and runoff
simulation were used as efficiency criteria. In the Monte Carlo simulation,
a large number of random parameter sets are created and the model is run
with each of the parameter sets (Schnoor, 1996). R2 values were computed
for each model run.

Daily averages of groundwater measurements at an automatic station May
1993 to December 1994 (580 days) were used for calibration at the Stubbetorp
catchment. The data set contains missing values for 141 days (27/5-22/6, 18-
20/8 and 23-26/8 1993; 2/2-29/3, 10-27/4 and 9/7-12/8 1994, one missing
value 3/9 1993). This means that the calibration period is somewhat short.
It has been estimated that approximately 500-1000 values are needed to cali-
brate a watershed model which uses a daily time step (Gupta and Sorooshian,
1985). Measurements at the same station December 1994 to December 1995
were also available, but they contained many variations in measured ground-
water levels which are not realistic. For example: there are several cases
where the groundwater level drops about 50 cm in one hour. It is reasonable
to believe that the level could rise that fast during a rainfall event but the
opposite is not very likely. There are also large variations in groundwater
levels during periods with little precipitation and low runoff. Due to the
inconsistensies in the data it is not likely that the extra year of data would
improve the calibration result. Since daily measurements of runoff also were
available for this period, both groundwater and runoff measurements were
used for calibration at Stubbetorp.
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For Velen there were no daily groundwater level measurements available.
Calibration was therefore performed only against runoff measurements in
Nolsjön, which is close to the site where groundwater levels and soil water
content were measured. Many different parameter sets gave similar R2 values,
so the ranges used in the Monte Carlo simulation were gradually narrowed
down in order to increase the possibility of obtaining a parameter set which
also generates good simulations of groundwater levels.

Initial groundwater levels for both calibrations were obtained from mea-
surements. Reasonable values for λQ were estimated using the measured
groundwater levels during the autumn. The range of φ is based on the soil
type in the areas. Ranges for the parameter values are shown in table 5.1.

For both sites 1000 model runs was performed each Monte Carlo sim-
ulation. Parameter sets for Stubbetorp were selected among those with as
high R2 values as possible for both runoff and groundwater levels. It was
possible to obtain much better values for both groundwater levels and runoff
separately, but hard to find parameter sets which were better altogether. For
Velen, a parameter set was selected which had one of the highest R2 values
for the runoff simulation.

Table 5.1: Parameter ranges used for calibration of the model.
Parameter Range at Stubbetorp Range at Velen

φ 0.4− 0.6 0.4− 0.6
k 1 · 10−5 − 1 · 10−3 1 · 10−5 − 1 · 10−3

α 0− 1 0− 1
λQ 400− 700 mm 1100− 1300 mm
λE 700− 2700 mm 1300− 2000 mm
ρ 1 · 10−5 − 1 · 10−3 1 · 10−5 − 1 · 10−3

5.2 Stubbetorp

Calibration results for Stubbetorp is shown in figures 5.1 (groundwater levels)
and 5.2 (runoff simulation). A parameter set which generated R2 values
of 0.14 and 0.15 for runoff and groundwater simulations respectively was
selected. The highest R2 values were around 0.3 for runoff and just over 0.45
for groundwater simulation. Unfortunately, groundwater simulations were
not good for the parameter sets which gave high R2 values for the runoff
simulation and vice versa.

Groundwater levels were simulated for the period 1986-1990 and the sim-
ulation was compared to 50 measurements during that period. The initial
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Figure 5.1: Simulation of groundwater levels at Stubbetorp 1993-1994
(calibration period) compared to daily measurements. Parameters used:
φ = 0.471637, ρ = 3.650558 · 10−4, λQ = 427.536117, λE = 1148.870306,
k = 9.061352 · 10−4 and α = 0.420349. R2 = 0.15.
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Figure 5.2: Simulation of runoff at Stubbetorp 1993-1994 (calibration pe-
riod) compared to daily measurements (dashed line). Parameters used:
φ = 0.471637, ρ = 3.650558 · 10−4, λQ = 427.536117, λE = 1148.870306,
k = 9.061352 · 10−4 and α = 0.420349. R2 = 0.14.
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Figure 5.3: Simulation of groundwater levels at Stubbetorp 1986-1990 com-
pared to measurements. Parameters used: φ = 0.495962, ρ = 3.07926 · 10−4 ,
λQ = 1224.454137, λE = 1837.225547, k = 2.326463·10−4 and α = 0.848063.
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Figure 5.4: Simulation of runoff at Stubbetorp 1986-1990 compared to daily
measurements (dashed line). Parameters used: φ = 0.495962, ρ = 3.07926 ·

10−4, λQ = 1224.454137, λE = 1837.225547, k = 2.326463 · 10−4 and α =
0.848063. R2 = 0.08.
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Figure 5.5: Simulation of groundwater levels at Stubbetorp 1987-1988 com-
pared to measurements, manual calibration. Parameters used: φ = 0.4,
ρ = 8.0 · 10−5, λQ = 1300, λE = 2000, k = 4.0 · 10−5 and α = 1.0.

groundwater level was estimated to 1000 mm since there were no measure-
ments available for the first day of the simulation. Two of the parameters
from the calibration, λQ and λE, were changed since the measured ground-
water levels for this site was generally much lower than in the calibration
data. The difference between the initial groundwater levels were added to
both λQ and λE.

When simulating groundwater levels between 1986 and 1990 it was found
that the parameters obtained in the calibration produced simulated levels
which did not follow the measurements very well (fig. 5.3). The variations
were too small and slow compared to the measurements but the dynamics
were roughly the same.

The runoff simulation for the period 1986-1990 (fig. 5.4) showed that
the simulated runoff followed the measurements at low flows but failed to
reproduce the flow peaks. Since the model was unable to simulate the flow
peaks, the R2 value for the runoff simulation was only 0.08.

It was possible to calibrate the model (manually) to follow the measure-
ments quite well, as shown in figure 5.5. The runoff simulation was not
improved, though. The R2 value obtained in the simulation with the man-
ually calibrated model was only 0.07. On several occations the simulated
runoff matched measured flow peaks which the simulation with the param-
eter set from the automatic calibration did not. On the other hand, several
high flow peaks which was not found in the measurements was created by
the model. This shows that improved simulation of groundwater levels does
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not always lead to better simulation of runoff, although the runoff simula-
tion is closely coupled to the simulation of groundwater levels. Compared
to the parameters obtained during calibration, φ, ρ and k are lower while α

is slightly higher. Similar values used at the calibration site generated too
rapid changes in groundwater levels, both rising and falling.

Rapid changes in computed evapotranspiration occured in both simula-
tions when it fell below potential evapotranspiration. This is not realistic,
and indicates that there is a problem with the evaporation calculation. An-
other indication of this is that simulated groundwater levels and runoff tend
to be too low during spring and too high the rest of the year.

5.3 Velen

Results from the calibration against runoff measurements is shown in figure
5.6. The same parameter values were used for all simulations at Velen: φ =
0.442075, ρ = 3.210727 · 10−4, λQ = 1192.757, λE = 1843.235158, k =
8.769801 · 10−5 and α = 0.789992. The R2 value for the runoff simulation
was 0.63. The model formulation could lead to too slow response in runoff
to precipitation as discussed in chapter 4. The results did however not show
any clear indications of this. In Stubbetorp, the simulated runoff response
was slightly slower than the measured (figures 5.4 and 5.2). In Velen, on the
other hand, it was too fast rather than too slow (fig. 5.6). It was possible to
obtain the opposite results by using different parameter sets. It thus seems
that the calibration have more influence on the timing of flow peaks than the
model formulation.

Groundwater levels were simulated quite well (fig. 5.7), although there
were several occasions where the difference between simulated and measured
groundwater levels was substantial. The largest deviation occured during
the winter 1969-1970, when measured groundwater levels were much lower
compared to both the other winters and the simulations. The measured
groundwater levels generally rise more than the simulated during the spring,
and during the autumns the simulated levels are higher.

Simulations of soil water content at different depths showed some prob-
lems with the model formulation. The simulation for the soil layer 6-30 cm
(fig. 5.8) was able to simulate the variations during most periods except
for the winter. During the winters, simulated soil water content decreases,
but there is no corresponding decrease in the measured water content. The
simulated water content was also much lower than the measured.

For the next layer, 30-60 cm, the simulated variations occured around
the right level but the variations were too large (fig. 5.9). There were also
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Figure 5.6: Simulation of runoff at Velen 1967-1972 compared to measure-
ments (dashed line).
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Figure 5.7: Simulation of groundwater levels at Velen 1967-1972 compared
to measurements.
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decreases in simulated soil water content during the winters which were sim-
ilar to the decreases in the most shallow soil layer (fig. 5.8) and had no
counterpart in the measurements.

At 60-100 cm, the simulated water content was far too high, approxi-
mately twice the measured (fig. 5.10). The simulated variations were too
large at this level as well. The deepest soil layer had the lowest measured
soil water content and the highest simulated water content.

The results show that the model is not able to reproduce the variations in
soil water content at different depths in the soil. It was possible to simulate
one of the depths fairly well with a different parameter set, but one important
problem remains. The measured soil water content was generally lower deeper
in the soil, and the present model formulation only allows the water content
to increase with depth. This is due to the assumption that the soil porosity
is the same at all depths instead of decreasing with depth, which would be
more realistic.

The magnitude of the variations and the level on which they occur is very
dependent on two of the model parameters, ρ and φ. The soil porosity, φ,
determines the highest possible water content and ρ determines how rapid the
variations are and how much soil water content will vary with depth. Other
parameter sets which gave equally good runoff and groundwater simulations
produced very different simulations of soil water content due to differences
in ρ and φ.
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Figure 5.8: Simulation of soil water content at Velen, 6-30 cm depth, com-
pared to measurements.
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Figure 5.9: Simulation of soil water content at Velen, 30-60 cm depth, com-
pared to measurements.
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Figure 5.10: Simulation of soil water content at Velen, 60-100 cm depth,
compared to measurements.
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5.4 Related work

The simulations of soil water content were compared to those of a previous
study by (Gardelin, 1992). In that study, a modified HBV/PULSE model was
used. The soil routine of the model had been changed in order to simulate
soil moisture at different depths. Three separate soil water storages were
used, one for each layer, and the groundwater level was set to be constant
at 1 m below the soil surface (Lindström and Gardelin, 1992). The present
model is not able to simulate soil water content as well as the model used in
(Gardelin, 1992). There is however an important advantage with the current
model formulation: It is possible to simulate groundwater levels at the same
time as the soil water simulations. The groundwater level in Velen often rises
above one meter (see figure 5.7), which is the lower limit of the soil moisture
storages. At some occasions it even reaches levels corresponding to the upper
soil water storages, which means that two unsaturated storages exists below
the groundwater level.

The version of HBV/PULSE which is most similar to the present model
is the model described in (Seibert et al., 2003). It is therefore of interest
to compare the results of this study with that model. In (Seibert et al.,
2003) the correlation between saturated storage and groundwater levels was
found to be good, but the soil porosity which would be necessary in order
to generate the corresponding changes in groundwater levels was unrealistic.
Here, the simulations use porosity values which more realistic and based on
the soil types in the two catchments. The simulated groundwater levels did
generally not follow the measured levels very well. It was possible to obtain
fairly acceptable simulations in both catchments, but not good enough to
use in modelling of solute transport. The model presented in (Seibert et al.,
2003) on the other hand also had problems with transport simulations.

In (Seibert et al., 2003) the unsaturated storage was represented as a
bucket so there was no possibility to simulate soil water content at different
depths in a meaningful way, which is a problem from the point of view of this
study. The unrealistic porosity, with variations between 0.1 and more than
2.0 (Seibert et al., 2003), also makes it difficult to use the model to estimate
water content. With the present model formulation it is possible to simulate
soil water content, although the simulated values are not very accurate as
discussed above.

The runoff simulations was much better with the model presented in
(Seibert et al., 2003). In this study, runoff simulations were considerably
more successful at Velen than at Stubbetorp. The maximum R2 value at
Velen was twice the largest value at Stubbetorp. No apparent reason for this
difference can be found in the results of this study, so further investigations



Simulations 26

of the causes of this behaviour are needed.

5.5 Modelling and scale

The earlier mentioned problem with measurements of processes and param-
eters at the appropriate scale (Sivapalan and Kalma, 1995; Beven, 2002)
affects the calibration and validation processes. The model simulations can
be viewed as an average value (or, in the case of runoff, total value) for an
area which is treated as ’hydrologically similar’. The simulated groundwater
levels and soil water contents are compared with point measurements in the
catchment, which are treated as representative for the area. In this study,
the aim was to develop a model which is able to simulate certain variables in
a soil profile as a first step towards a catchment model. Comparisons with
point measurements is thus not a problem here, but it may be problematic
in the further development of the model.

The transition from using a model on a soil profile to a larger part of a
catchment could present some scale related problems. There have for example
been attempts to integrate the SOIL model (Jansson and Haldin, 1979) with
the HBV model (Bergström, 1995). This causes, however, a new range of
problems because SOIL is physically based and far more detailed than the
conceptual HBV model.

The present model is developed with the intent to use it on a small catch-
ment which is divided into subareas. It has been kept simple in order to
avoid too detailed descriptions of processes and distribution of soil water and
soil characteristics which could otherwise inhibit the upscaling of the model.
It is believed that the present model is simple enough to be applied on a
small catchment. The main problem is how to verify the simulation of the
hydrological variables (groundwater level, soil water content) which are of
importance for the transport of substances before the chemical model is con-
nected to the hydrological. Remote sensing techniques could be one possible
way to improve the verification process. By using spatially distributed data
it is possible to estimate mean or median values for an area, which could
then be compared to the simulated value for that area.

In this study the scale problems connected to the verification of the model
are mostly temporal rather than spatial. Since most of the measurements of
both groundwater levels and soil water content were available with a fre-
quency of one or two weeks between readings, it is difficult to use those
measurements for calibration and validation of a model with daily timestep.
The comparisons give some information on the model performance, but it
is of course hard to tell how well the model behaves the days between mea-
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surements. In order to evaluate the model better, daily measurements of
groundwater and soil water content are desirable.

There are different ways of dealing with the spatial scale problems con-
nected with hydrological modelling. On the catchment scale several sugges-
tions have been made regarding how to handle this problem. Many solutions
divide the catchment into areas which are in some sense similar (Beven, 2000).
Examples are the concepts of hydrological similarity, hydrological response
units (HRU’s) and grouped response units (GRU’s) (Beven, 2000; Sivapalan
and Kalma, 1995; Singh, 1995). In the present
model, a catchment can be divided into several subareas, and each subarea
is divided into vegetation zones. The available vegetation zones are forest,
field and lake. It may be justified to use further division of the catchment.
This will be discussed further in section 6.

The concept of the equifinality of models means that many different model
solutions and parameter sets may provide acceptable simulation results, there
is no such thing as one single ’best’ parameter set (Beven, 2000; Beven, 2002).
One of the consequences of this is that the calibration becomes difficult, or at
least different from the case where it is assumed that an optimal parameter
set exists. The simulations of soil water content at Velen illustrated a prob-
lem which this equifinality can lead to. Several parameter sets which were
equally good according to the calibration criterion differed very much when
it came to simulating soil water content at selected depths. This stresses the
need for a well formulated criterion for selecting the parameter sets which
give good simulations of all variables of interest. In this study, parameter
sets have mainly been judged by how well the generated simulations agree
with measurements. In addition to this, the parameter sets should be ex-
amined in order to determine whether they are physically realistic as sug-
gested in (Beven, 2002). This has been done to some extent by narrowing
the possible parameter ranges. Judging from the simulations with the Velen
data, improved determination of which parameter combinations are realistic
is needed. Since measurements of groundwater levels and soil water content
are not always available, it would be useful if the model could be calibrated
against runoff measurements which are available to a larger extent. Calibrat-
ing against runoff is also advantageous for the reason that it is one of the
few variables which are measured at catchment scale (Beven, 2002). When
measurements of the variables of interest are not available, the previously
mentioned selection of parameter sets becomes even more important (Beven,
2002).
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Chapter 6

Future work

The results show that the representation of soil water content as increasing
linearly with depth until it reaches the groundwater level is too simple. One
way of keeping the model simple compared to other soil water models and
at the same time obtain a more realistic representation of soil water is to
estimate soil water content with a third grade polynomial or a similar function
instead. Soil water content within pores would still be small at the soil
surface, and largest at the groundwater level and below, but the distribution
between those points would be more realistic.

Another aspect of the model formulation which affect the simulation of
soil water content at different depths is the porosity. Porosity in the present
model is the same regardless of depth. This means that the model is unable
to simulate situations where the total water content of the soil is decreasing
with depth due to decreasing porosity. A solution where porosity in the
model, as well as soil water content within the pores (see fig. 6.1), is allowed
to vary with depth would probably be able to make better simulations of soil
water content at specific depths.

Groundwater dynamics show variations depending on how deep the ground-
water table is (Seibert et al., 2003). One possible way of taking this into ac-
count is to divide the catchment or sub-catchment into three zones: recharge,
intermediary and discharge. The present model represents the intermediary
zone, which is a recharge area where there is much interaction between the
saturated and the unsaturated zones. The recharge area would represent ar-
eas with deep water table where there is less interaction. Runoff generated
in the recharge zone would be added to the intermediary zone, runoff from
the intermediary zone would be added to the discharge zone and finally the
runoff calculated in the discharge zone would represent total runoff from the
area.

A similar idea has been discussed in (Bergström and Lindström, 1992)
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Figure 6.1: Representation of soil moisture where water content within the
pores is increasing non-linearly with depth and porosity is decreasing with
depth. θ is soil water content, d is depth, V is the pore volume not filled
with water, U is unsaturated storage, S is saturated storage and λ is the
groundwater level.
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and (Seibert et al., 2003). In (Bergström and Lindström, 1992), an
HBV/PULSE model with one recharge and one discharge area was tested at
the Stubbetorp basin. Results show that runoff simulations were much better
with the division of the catchment into recharge and discharge areas. Similar
results were obtained in (Seibert et al., 2003), who developed a model where
a hillslope was divided into one upslope and one riparian zone. This division
was found to improve runoff simulations for the hillslope. Considering these
results, the division of a catchment into recharge, intermediary and discharge
areas is likely to improve runoff simulations.

The storage volume from which runoff is generated has increased signif-
icantly compared to earlier models. The use of λQ limits the size of the
saturated storage which contributes to runoff. In order to keep the storage
at same levels as before, unrealistic values of λQ would be needed. There is
however no reason to try to achieve the same storage size as before, since the
current representation of the storage is more physically realistic. Instead, it
may be necessary to alter the equations describing runoff.

The generation of runoff is dominated by different processes during dif-
ferent parts of the year (Harlin, 1992). Therefore it may be useful to select
parts of the data for calibration of parameters accordingly. This method have
been applied successfully to the HBV model (Harlin, 1992) and it could also
be used on the present model in order to improve the calibration process.
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Chapter 7

Conclusions

• The results indicate that the proposed model has the potential to simu-
late both groundwater levels and soil water content. The model formu-
lation needs however to be improved in order to increase the accuracy
of the predictions enough to make the model useful in simulations of
runoff chemistry.

• Simulation of groundwater levels has been greatly improved by the new
representation of soil water content.

• Soil water content at different depths in the soil could not be described
satisfactory by the present model. This depend mainly on the inability
to simulate lower water content at deeper levels compared to levels
closer to the soil surface.

• The runoff simulation was working well at one of the sites, with R2

values around 0.6, but it was less successful at the other.

• A more realistic representation of soil water content and porosity would
improve simulation of soil water content and model performance in
general.

• Calculations of evaporation from soil and runoff need to be modified.
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Fallgren Studieförlag AB. In Swedish.

Gupta, V. and Sorooshian, S. (1985). The relationship between data and the
precision of estimated parameters. Journal of Hydrology, 81:57–77.

Harlin, J. (1992). Hydrological modelling of extreme floods in Sweden. PhD
thesis, Royal Institute of Technology. Bulletin No. TRITA-VBI-159.

Jansson, P.-E. and Haldin, S. (1979). Model for the annual water and energy
flow in a layered soil. In Haldin, S., editor, Comparison of forest and

energy exchange models, pages 145–163. Society of Ecological Modelling,
Copenhagen.

Jansson, P.-E. and Karlberg, L. (2001). Coupled heat and mass transfer
model for soil-plant-atmosphere systems. Royal Institute of Technology,
Dept of Civil and Environmental Engineering, Stockholm.
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