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Abstract: Hydrologists are often faced with the question, how human activities, e.g. a clear cut, may affect
the hydrological behaviour of a catchment. This study presents a methodology that explicitly takes into
account areas of variable characteristics within a catchment. The rainfali-runoff modelling technigue is based
on dividing a catchment into hydrologically similar units (HSUs), which aggregate areas of hydrologically
simifar behaviour. HSUs, which may have differences in e.g. fand use, slope. soil, and vegetation, are
characterised by typical cross-sections derived from the available data. The total runoff produced by the
HSUs is routed through the channel network by using a linear reservoir. The parameters of the routing
procedure, unlike the parameters connected to physical properties of the HSUs, are calibrated against flow
data recorded at the basin outlet. A hydrological model which utilises the concept of HSUs is applied to a
small forested catchment (0.18 km?) in Siuntio, southern Finland. A conceptual vainfall-runoff model
THACRES is calibrated on the same set of data, which gives some basis to evaluate the performance of the

proposed hydrological model.

1 INTRODUCTION

The construction and application of mathematical
models relating meteorological forcing upon a
catchment to the flow measured in the stream has
been a major focus of surface water hydrology for
decades. A plethora of moedels, which vary greatty
i complexity, have been proposed in the
literature to accomplish this task. According to
Beck [1991], rainfall-runoff models may loosely
be classified into three generic model types, which
are |y metric, 2) conceptual and 3) physics based.

Metric models are strongly observation
oriented seeking to characterise system response
by extracting information from the existing data,
with little or no consideration of the structure of
the hydrological systen.

The idea behind conceptual models 5 to
describe all the hydrological processes, which
are percelved to be of importance, as simplified
conceptualisations. This usually leads to a system
of interconnected stores which are recharged and
depleted by appropriate component processes of
the hydrological cycle.

Physic-based models rely on concepts of
classical continuum mechanics. The governing
partal  differential  equations can be  solved
numericalty by applying finite difference or finite
element computation schemes.
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Traditionally rainfall-runoff models have often
been applied to problems related to  water
quantities  only, such as real-time  {lood
forecasting. and assessment of the reliability of
natural water resources. But increasingly, outputs
of such models are used to investigate wider
envirommental problems. These include water
quality issues [e.g. Christophersen and Wright,
1981; Cosby et al., 1985ab; Chapman et al,
1993], ecological and biological relations in water
environment, and implementation of land-surface
schemes for climate models [e.g. Kuhi and Mifler,
1992; Wood et al., 1992].

Complex problems call for hydrological
models, which can make a distinction between
different waler transport mechanisms within a
catchment, and which account for  spatial
variabiity of terrain properties in the area of
interest,

Incorporation of detailed process descriptions
in the model structure, and zllowance for small-

scale  spatial  variability, easily result in
overwhelming data requirements and poorly
identiftable model parameters [Beven, 1989,

Grayson et al., 19921,

The modeliing scheme presented in this paper
is one approach to characterising the distributed
nature of catchiment hydrological processes. The
modelling 15 based on the subdivision of a
catchment into hydrologically similar areas, which



are identified using spatial data on terrain
properties. The water balance in each area is
calculated wsing a characteristic hilislope model,
which relies on a physically consistent description
of  water movement. Runoffs from the
characteristic hilislopes are combined with the aid
of a streamflow routing procedure.

2 MODEL

21 General concept

The model consists of two parts. The first part
describes the water balance at a hillslope scale,
and the second part rouies the water through the
channe! network to the basin outlet.

The idea is to use spatial data to objectively
identify hydrologically similar areas, which have
relatively homogeneous properties, such as slope,
vegetation, soil type, and depth to the bedrock.
Fach of these areas, referred to as Avdrologically
similar wnits (HSU), is assigned with a water
balance model called a characteristic hillslope
model. The routing procedure combines the
runofls from the HSUs.

2.2 Characteristic hillslope model

A characteristic  hilislope represents a typical
water travel path from the water divide to ths
nearest stream channel (Fig 1.
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Figure 1. Characteristic hillslope, adopted from
[Karvonen et al., 19991,

The unsaturated-saturated flow 1n scil-root
system is described using the Richards’ equation
{Richards, 1931}

=2 (L

dr
gl
where £ is the soil water potential (in), K {#) s the
soil hydraulic conductivity (md™"), z is distance
from the surface (m), ¢ 15 the time (), and C(h) 15
the differential water capacity. S(h) represents the
volume of water taken up by roots from a unit
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volume of soif in unit time (m'm'd™), and O()
accounts for the influence of additional sinks and
SOuUrces,

Lateral flow is assumed to take place only in
the saturated part of the soil profile. The hillslope
15 divided into vertical sotl columns, and for each
column the vertical soil water fluxes are computed
from (13, Thereafter, the downslope water
movement between the soil columns is derived by
applying Darcy’s law

dh
G = “K.‘;DEJ‘ (2}

where g, is the horizontal flow between two
columus (mzd"). K, s the saturated hydraulic
conductivity (md™, D is the thickness of the
saturated zone (m}, and dA/dl is the water table
gradient between two columns,

The charactenistic hillslope model is guasi-
two-dimensional, since the vertical and lateral
water [luxes are compuied separately. Vertical
water fluxes in each column are solved first,
followed by the computation of Darcian flow
along the hillslope.

The model generates infiltration  excess
overland flow {[Horton, 1933], if rainfall or
snowmnelt  intensity  exceeds the soil  surface
infiftration capacity. Saturation of the entire soil
column results in overland flow gereraied by the
Dunne mechanism [Dunne and Black, 19701
Surface runoff is rouated along the hillsiope using
the kinematic wave approximation of the 5t
YVenant equations. The implementation is identical
to the overland flow computation scheme of the
SHE model [Abbott et al., 1986], except for that
our model operates in one dimension only.

The snow accamuldation and snowmelt module
is based on the energy balance scheme. The
reader Is referred to Koivusalo et al. [1999] for
further details.

More detailed description for the characteristic
hilisope model can be found in Karvonen et al
[1999], Their model implementation, however,
differs slightly from the one presented here.
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Karvonen et al. [1999] used the geomorphologic
instantaneous unit hydrograph [Rodriquez-Tturbe
and Vaides, 1979] to route the water through the
channel network. In this paper a single linear store
is used for this purpose.

Channel network model

3  CASESTUDY

3.1  Caichment and data
The Rudbiick study catchment {0.18 km®} is
situated in Siuntio, southern Finland (Fig 2).
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Elevation ranges [rom m ot 05 m. Bedrock s
exposed on the hill tops. and soils are composed
of silty and sandy moraines. According to seismic
refractions, the soil depth varies from 0 to 35
metres [Lepistd, 1994].

Climate is cold temperate and characterised by
rainfalls of relatively low intensity. Mean annual
precipitation (uncorrected) during 1991-96 was
T00 mm, which includes 13-25 % of snowfall.
Snowmelt dominates the annual maximum runoff.

Intensive monitoring programme has been
running in Rudbiick since February 1998, Hourly
micrometeorological and runcil data, and a digital
glevation model (DEM} in 5 m x 5 m resolution
are avattable from the study area. Kotvusalo et al.
{1999 present a more thorough discussion on
data collection. data checks, and data processing.

3.2 Setting up the model
The determination of hydrological  similarity

within the catchment was based on topography.
The whole area ts forest covered, so there 18 no
varlability in the hydrological response arising
trom different land use types.

DEM, channel

border,
network {gray), flowpaths from the water divide
{white).

Figure 2. catchment

Channel network was constructed by combining
mapped locations of drainage ditches and flow
accumutation information derived from the DEM.
Then all the flowpaths starting from the water
divide and ending in a slream were computed.
Only a small portion of the catchment was left out
due to data problems in the DEM. Flow directions
were  computed using the Rho8 method of
Fairfileld and Leymarie [1991]. Some of the
flowpaths are presented in Figure 2.

Figure 3 shows the cross-sections of the
flowpaths extracted from the elevation data. Three
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distinct groups were identified by looking at the
geametry of the cross-sections.
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Figure 3. Hillslope shapes. The share of

flowpaths belonging to each group is shown in
parentheses.

A fourth group was formed from short flowpaths
iess than 60 metres in length. Within each group
an average Ccross section calcutated to
represent the entire group. The relative shares
between the groups were obtained by comparing
the number of flowpaths beloaging to each group
{Figure 3).

Other  hillslope  properties, such  as  the
saturated hydraulic conductivity {0.62 m/h), the
soil retention curves, Manning coefficient (0.2 sm
Yy, and depth to the bedrock (0-1.5 m), were
adopted from earlier studies [Kotvusalo et al.,
1998; and Jauhiainen and Nissinen, 1992] or
fixed a priori using the best information avaiiable.
They have not been calibrated against flow data.
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3.3 Results

The model was applied to a period from June
1998 to April 22™ 1999, The channel network
submoded, .. the time constant of the linear store,
was calibrated using data from June T 1998 1o
November 7" 1998, The remaining data were
used to test model performance outside the
cafibration period.

Time series of observed and computed
streamflows along with the modelling error are
graphed in Figure 4 {calibration period) and
Figure 5 (validation period).
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Figure 4. Modelled and chserved runoffs in the
calibration period.
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Figure 5. Modelled and observed runoffs in the
validation period,

The modelling results were compared against the
performance of a simple-structured conceptual
rainfall-runoff modet THACRES, that was applied
in the form it is presented in Ye et al. {1998]. This
setup of IHACRES uses a four- parameter
nontinear filter to generate rainfall excess from
precipitation and potentinl  evapotranspiration
data. Rainfall excess is defined to be the amount
of rainfall which eventually appeass ia the stream,
The output of the nonlinear filter is routed through
a single linear reservoir, which adds one more
parameter info the model structure. In winter
periods THACRES was driven with the same
snowmeit time series that was used to drive the
madel presented here.

The two models had only little difference in
their performances. The graphed streamflows for
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IHACRES are very similar to those shown in
Figures 4 and 5, and therefore they are not
presented here. Table 1 gives the coefficients of
efficiency {MNash and Sutcliffe, 1970] for both
models and both modelling periods.

Table 1. Coefficients of efficiency for the HSU-
model and IHACRES.

| Calibration  Validation.
HSU 0.9G 0.62
IHACRES 0.90 0.60

The modelling results  indicate  that  when
calibration is performed on snowless period,
runoff peaks in wintertime are overpredicted. We
believe that snow cover causes an additional delay
to the hydrological system, which is not accounted
for in gither of the two models. This results in too
sharp a model response during the winter.

In order to investigate the differences of
hydrofogical  behaviour between the four
hillslopes, water balance components were
computed separately for each hillslope (Table 2).

Table 2. Water balance components for sach
hiflslope computed for the time period from
February 16", 1998, to April 25", (999

Hsl! Hs2 Hs3 Hsd
]
Groundwater 23 45 8 231
Surface runoff 329 307 333 355
Actual evapotrans. | 187 192 196 (2
Change in storage 32 27 14 33
TOTAL 77LO7TTL 7Y 7T

Except for the fourth hillslope, which represents
all the short flowpaths, the hillsopes behave in a
rather similar fashion. Water is predominantly
transported to the nearest stream channel as an
overland flow.

The hillslope model was also run with an
alternative set of parameters. Their values were
perturbed from the original fixed values, the most
noticeable difference being the increase of the
hydraulic conductivity from 0.62 m/d to 1,44 m/d.
The water balance components of this model run
are fisted mw Table 3.

Table 3. Water balance components for each
hillslope computed with the alternative set of
parameters,

Hsi Hs2 Hs3 Hsd

{mam]
Groundwater 86 267 61 427
Surface runoff 365 287 494 128

Actual evapotrans, 191 195 193 202



Change in storage | 29 22 23 4
TOTAL | 778 771 771 7T

As expected, the portion of groundwater flow is
much greater than in the water balances listed in
Table 2. And unlike in the previous model run,
there are considerable differences between the
responses  of all four hillslopes. The steep
hillslopes one and two pgenerste much more
surface runoff than the flat hillsiope number three,

4 DISCUSSION AND CONCLUSIONS

The results of the case study revealed no
sigmficant difference in performance between the
two very different modelling approaches. 1f the
only objective is to reproduce a streamflow time
series from meteorological  data, the simple
conceptual model is preferable due to ease of s

operation.  The motivation  behind the more
labortous  and  data  intensive  semi-distributed

modelling approach 18 to explicitly take into
account areas of variable characteristics within a
catchment. Such a model framework gives some
tols to guanaly the effects human activities may
have on the hydrelogical response of a catchment.
For example, how much does the peak discharge
mcrease, F a part of a forested catchment is
furnished with drainage ditches?

The characteristic hillslope parameters were
not calibrated against runoff data, but they were
fixed a priori according to the best available
information. Yet, the semi-distributed model was
capuble of reproducing the measured streamflow
with a fairly good accuracy. This is encouraging
with  respect o modelling  streamflows  on
ungauged catchments where long historical Hme
series of flow data are not available. However,
further research 1y required to verify whether the
model performs equally well in other catchiments,
in particular at larger scales.

The performance of both models dropped
significaptly in the validation period. This is
believed o be largely due to the fact that models
were calibrated on a snowless period, and then
applied 1o a winter period. More work is needed
to better understand the reasons for differences in
runoft response between swmmer and  winter
conditions. The processes affecting the water
ransport on snoweovered hillslopes are complex,
and therefore accounting for them in a physically
consistent way may not yet be feasible.

In this study only topography was considered
to cause differences in the hydrological behaviour
within the catchment. When the hilislope water
balance male]l  was with  the pre-fixed
parameters, only little difference was observed
between the behaviours of the four characteristic
hillsopes, The fore mentioned is true not only for
the integrated water balance components, as

un
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shown in Table 2, but also for the response
dynamics.  With another set of parameters,
considerable differences were detected between
the responses of the hillslopes (Table 3). In the
first model run surface runoff was the dominant
water transport mechanism, whereas in the second
run groundwater flow contributed greatly to the
stream input. The results indicate that when the
overland flow is predeminant the hillsfope water
balance mode! is relatively insensitive to the
terrain topography.

Future research will be directed
gaining more appreciation in 1} how the
characteristic hillslopes should be determined
using remotely and locally measured data, and 2)
how many of them are required to sufficiently
represent  the  spattal  varibility  of  terrain
properties. At larger scales the influence of the
channel  network becomes more important.
Therefore, when modelling bigger catchments the
channel network submodel has to be further
developed. For example, it may be necessary to
consider the relative locations where different
characteristic hillslopes connect to the stream
system,

towards
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