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WATER BALANCE MODELLING ON SMALL TORRENTIAL
CATCHMENTS

Pavel Kovar :

ABSTRACT

Land use and catchment management plays an important role in small steep
torrential catchments with highly fluctuating discharges and with strong sediment
transport. In order to quantify hydrological processes better, it is proposed to implement
models of water balance that simulate all significant hydrological interactions in a
catchment. The WBCM-5 model has been implemented as a tool in this analysis. This
model simulates potential and actual evapotranspiration, interception, soil moisture
dynamics, surface and subsurface flow, and groundwater recharge. The main purpose of
the model used in this paper is, firstly, to simulate surface runoff and total flow, and the
influence of human activities on it, and, secondly, to indicate the level of saturation of
the active zone of a catchment, and thus to quantify the degree of potential flood danger.
The paper describes the water balance in the Vseminka catchment (Moravia), Czech
Republic in the flood year 1997. The model is then implemented for a simulation of
possible changes in land use to show how these changes could influence water balance.

INTRODUCTION

In the last decade, the forestry authorities in the Czech Republic have taken a
substantial step in promoting a reasonable balance between the “productive” and
“protective” functions of forests in many mountainous catchments. They have put
emphasis on ecological stability, but not always to the same extent on flood protection
and sediment transport. Before taking measures in torrent channels we should first look
at the catchment, paying special attention to land use, proper forestry and agricultural
management, and to area soil erosion control in order to reduce surface runoff by
infiltration. In order to achieve better quantification of the water balance components,
the WBCM (Water Balance Conceptual Model) was applied.
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MODEL STRUCTURE

The WBCM model (version 5) that was implemented with the aim of
quantifying water balance on the Vseminka catchment is a lumped model with
probability parameter distribution over the area. It is based on the integrated storage
approach. Each storage element represents the natural storages of interception, soil
surface, root (or active) zone, and the whole-unsaturated zone and groundwater zone (if
this is not very deep). The model with a daily time step considers the storage of
individual zones and treats their daily values, including input and output rates, in line
with physical regularities as reflected by the system of recurrent final difference and
algebraic equations balancing the following processes (Kovar 1981, Kovar 1998):

+ Potential evapotranspiration -

. Interception and throughfall

« Surface runoff recharge

. Active soil moisture zone dynamics

. Soil moisture content and actual evapotranspiration
. Ground water dynamics, base flow, total flow

The individual parameters of the WBCM-5 model have the following physical meaning:
AREA........ catchment area (km?)

FC............ parameter characterising the ,average" value of the field capacity of active
zone (-)

POR.......... parameter characterising the ,,average value of soil porosity of active zone

DROT....... depth of active zone (mm)

L7 [ S—— upper limit of interception capacity (mm)

SMAX ...... parameter representing maximum capacity of unsaturated zone (mm)

ALPHA..... parameter expressing non-linear filling procedure of unsaturated zone (-)

CN ............runoff curve number (-)

P1,P2,P7...parameters affecting unsaturated zone dynamics (filling and exhausting
processes)(-).

GWM....... parameter expressing capacity of the active part of the ground water zone
(mm)

BK............ linear transformation parameter of base flow process (days)

For daily values of potential evapotranspiration we used the modified

Monteith-Penman method, and also the Priestley-Taylor method, or alternatively the
Hamon method. Selection of one of these depends on input data availability. The model
unit that computes actual interception and throughfall is based on the simulation of the
irregular distribution of local interception capacities around their mean value, WIC.
These capacities oscillate between zero (bare soil) and a multiple of WIC. To avoid an
abrupt threshold concept, a linear distribution around the WIC-value was accepted.
For quantifying surface runoff recharge, the US Soil Conservation Service (SCS)
method based on Curve Number (CN) assessment was used. The standard procedure for
an initial CN value is accepted, and the daily storages of the active zone, SS, are
computed by this procedure. The recharge of active (root) and thus of all unsaturated
zones depends greatly on the previous soil moisture content, and is controlled by the FC
parameter. The evaluation procedure is based on the assumption that the distribution of
local FC-values around their average is non-linear (parameters P1, P2, P7, ALPHA).
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Fig.1: The WBCM-5 conception
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Legendto symbols in Figure 1
Py rainfall /mm . day™/ OF, | direct flow fmm.day™/
PE, potential evapotranspiration /mm.day™/ wuL, soil moisture content in active zone
fmm/
PEV, evapotranspiration from interception /mm.day '/ FCUL, average field capacity in active zone
PES, potential soil evapotranspiration /mm.day '/ WLL, water content in whole unsaturated
zone fmm/
AES, actual evapotranspiration /mm day™/ FCLL, average field capacity of unsaturated
zone fmm/
throughfall /mm.day "/ mmmenfgmmdwnt:mchnge
THR, - ' CWR, | o day
SURPL, | surface retention /mm.day™/ GWS, | groundwater storage /mm/
water stored by upper zone and in micro-depressions WCR, capillary rise of unsaturated zone from
VLS, /mm.day’"/ groundwater storage / mm.day '/
LLR, water infiltrated through retention phase /mm.day”’/ | GWT, [ groundwater table /cm/
RECH, | infiltration /mm.day/ BF, base flow /mm.day ™/
ROF, | direct flow /mm.day/ TQC; | total flow /mm.day™/
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Only where FC has not yet been reached can the recharge replenish these zones (one by
one) up to the FC-limiting value. The one-dimensional Richards equation is used in the
final difference form:

2 foo(a)

a & 124

in finite difference form:

q.‘,n—i QI M A_Ei.n

9{&1,;: = gi,n AZ AZ (2)
Hi. —Hf,n
Ginin = K(0),. [T + 1} 3)
where: 0 soil moisture content (-)
H pressure head (m)
t time (s)
z depth of saturation (m)

K(0) unsaturated hydraulic conductivity (m's™)
q inflow to soil layer (m-s™)
AE  actual evapotranspiration (ms™)

Simultaneously, exhaustion from this zone by evapotranspiration is computed. To
simulate this procedure, an approach was applied which respects the proportion between
actual and potential evapotranspiration according to the soil moisture content and
according to particular physical properties of the soil.

The saturated zone is filled by groundwater recharge and depleted by base flow. It is
simulated only within the framework of short-term groundwater participation in the
water balance. The Williams and La Seur method (Williams, La Seur, 1976) was
applied here. In cases where possible control of model efficiency can be achieved either
through runoff or through ground water table fluctuations, automatic optimization is to
be applied. The parameters SMAX, GWM and BK (in the list are printed in bold)were
optimized by minimizing the sum of least squared differences between the computed
and observed 10-day runoff depths on the Vseminka gauged catchment, which is the
superior catchment.

Four main groups of data are required for the model:

1. Hydrometeorological data: Daily values of rainfall as well as other data necessary
for calculation of potential evapotranspiration

II. Hydrological data: Observed daily (monthly) runoff data if parameter optimization
is required. Alternatively, a daily record of ground water levels in a characteristic
cross-section can be used.

III. Hydrological assessment of the ,range values” of porosity, field capacity of both
active and unsaturated zones, classified according to hydraulic properties and soil
depth.

IV. Land use data: Forestry and agri data on land use, types of forest and crops,
cropping pattern, watershed management.
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Then the water balance equation controls the volumes of the main components of water

balance:

where:

SRAIN=AE + STF + (AWP + AWZ)=AE + STF + AW (4)
SRAIN ........ rainfall depth (mm)

STF ............. total runoff depth (mm)

. S S— actual evapotranspiration (mm)

AWP............ change in soil moisture content (mm)

AWZ...coooin. change in ground water storage (mm)

AW change in subsurface storage (mm)

EXPERIMENTAL CATCHMENT

In this paper, the data from the VSEMINKA experimental catchment, east
Moravia, Czech Republic has been implemented. The main catchment characteristics
are shown in the following tables:

Table 1: Physiographic characteristics

Characteristic Value
Catchment area 21.0 km®
Length of main river 10.3 km
Average river bed slope 3.6%
Average area slope 19.4 %
Average altitude 455.0 m a.s.L.
Average annual rainfall 912.0 mm
Average discharge 0.22 m’s”

Table 2: Land use

Hydrological soil group B C D

Land use area (ha) % area (ha) % area (ha) %
I Arable land 53 25 47 22 92 4.4
II. Permanent grassland | 46 22 241 11.5 192 9.1
Il Forest - - 481 23.0 | 611 20.1
IV. Parks, gardens 4 0.2 66 3.1 42 2.0
V. Urbanised 1 0.0 30 1.4 58 28
VI. Wild greenery 5 0.2 81 3.9 50 24
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Table 3: Age structure of the forest

. 0-10 year 10-40 years more than 40 years
Forest age Species
area (ha) % area (ha) % area (ha) %
Coniferous 77 3.7 75 3.6 611 29.1
Deciduous 7 0.3 27 1.3 295 14.1

The rainfall data are measured on two automatic rain gauges (Slusovice, Vizovice), and
discharges are measured on the limnigraphic gauge at the Slusovice outlet. The rainfall-
runoff data analysis focuses on the two highest water-yield years of the 50-year series:
1963 and 1997. The latter was the well-known year of the dangerous flood (about 0.01
probability), which occurred in July 1997.

RESULTS

For the Vseminka catchment, the following daily data were used:
« Daily rainfall data from the Slusovice and Vizovice stations

. Daily data on free water evaporation from the Vizovice station
«  Daily runoff data from the Slusovice station

. Land use data, topographical and hydrology soil groups data

. Hydrological and soil parameters from maps and soil analysis:

POR=0.45 FC=0.40 DROT=300.0mm

CN<62,92> WIC =2.0mm  ALPHA=1.0; P1=0.1; P2=0.2; P7=0.7
Optimised parameters:

SMAX= 623.0mm GWM= 1050.0mm BK= 10.6day

. Initial soil moisture contents at the beginning of growing season (01 / 04) were
assessed according to antecedent precipitation index (March).

The model was implemented with the data from 1963 and 1997 respectively to simulate

the growing season from April 1 to October 31. The SMAX, GWM, and BK parameters

were optimized on this data. Table 4 shows the main water balance components of the

years under analysis.
Table 4: Water balance components

Balance component (in mm) pe

1963 1997
Rainfall depth SRAIN 600.9 713.0
Total runoff STF 103.9 272.8
Surface runoff SOF (from STF) 47.8 79.3
Potential evapo!ra;ispira:ion PE 454.7 4494
Actual evapotranépfra:ion AE 392.0 4229
Interception AIR 154.1 171.4
Change in subsurface storage (AW) 106.1 18.3
Error in water balance (mm) -1.0 -1.0
Ditto (%) -0.17 -0.14
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The main important components of the water balance are undoubtedly those expressing:
« Total runoff 103.9mm in 1963 and 272.8mm in 1997

«  Surface runoff (as the part of total runoff ) 47.8mm in 1963 and 79.3mm in 1997

« Subsurface storage changes AW=106.1mm in 1963 and 18.3mm in 1997

The surface runoff was high in 1997, total runoff in July 1997 reaching 155mm, but
subsurface storage changes of 18.3mm were low in that year. For illustration, the sum-
difference graph (Fig. 2) is given to show the course of water balance in 1963 and 1997.

Formation and propagation of surface runoff and, on the other hand, appropriation of
subsurface recharge are mostly influenced by the following factors:

o Intensity and duration of rainfall

e Physiographic catchment parameters

o Land use and watershed management

e The lengths of the river, its shape, bed slope, hydraulic radius and bed roughness.

Among these four groups of factors, rainfall parameters always remain constant (namely
storm rainfalls that can hardly be considered by a water balance model because of their
short duration). As far as a change in channel course and its slope reduction is
concerned, no considerable transformation of the flood wave can be achieved. However,
increased hydraulic resistance limits the discharge capacity of the channel cross-section,
which reduces the transformation effect. In conclusion, the most significant effect in
reducing surface runoff in favour of infiltration is land use and watershed
management. Therefore, the final step was to use the model in the implementation of

hypothetical scenarios simulating changes in land use.

Five scenarios were applied for 1997:

Scenario A: 50% deforestation (forest older than 40 years cut down)
Scenario B: Change of forest age (3-4 years old after cutting)
Scenario C1: Change of species, keeping coniferous forest only
Scenario C2: Change of species, keeping deciduous forest only
Scenario C3: Change of species, maintaining mixed forests 1:1,

The scenarios were simulated by the changes in parameters DROT, CN, WIC, BK, and
the optimised parameter values of SMAX and GWM remained constant. Table 5 shows
the results.

Table 5: Scenario simulation of water balance, Vseminka 1997

Balance component Sl )
A B Cl1 c2 C3
Rain (SRAIN) 713.0 713.0 713.0 713.0 713.0
Total runoff’ (STF) 248.7 260.4 255.1 268.5 277.6
Surface runoff (SOF) 96.6 88.4 77.6 80.7 72.4
Actual evaporation (AE) 417.3 419.3 426.2 4225 424.9
Interception (AIR) 105.6 129.5 243.0 170.7 205.9
Subsurface storage (AW) 48.0 343 327 23.0 11.4 ]
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Fig. 2: Main components of water balance of the Vseminka catchment
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CONCLUDING REMARKS

» The highest surface runoff of 96.6 mm was simulated by Scenario A (50%
deforestation). Relatively high surface runoff resulted from Scenario B (low age of
forest), while Scenarios C1, C2 and C3 provide lower surface runoff (C1-77.6mm,
C2-80.7mm, C3-72.4 mm - the lowest value). Scenario C3, with the lowest surface
runoff, simulates a suitable composition of both coniferous and deciduous forest.

« The existing subsurface water storage of 18.3 mm is not very high. Concerning
individual scenarios, the highest is provided by Scenario A, but this is the
consequence of low interception. Dispersion of individual scenario values varies
within limits of about 45mm, which is not very significant.

«  The scenario values of summed interception reflect the values of WIC. The highest
is in Scenario C1 (spruce monoculture, AIR=243.0 mm), and the lowest in Scenario
A (AIR = 105,6 mm), which is logical.

« The values of actual evapotranspiration change only a little due to the
heterogeneous character of the catchment. These changes are below 10 mm, which
is not significant.
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