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Abstract For the assessment of water resources under changing environmental
conditions, dynamic process-based hydrological models are required, For a
semiarid area in northcastern Brazil, rainfali characteristics and lateral
redistribution of runoff components are shown to have a considerable
influence on runoff simulations. Uncertainties in related data and parameters,
and their cffects on the simulation results, vary between wet and dry climatic
conditions.
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INTRODUCTION

Semiarid areas arc characterized by limited water resources. The quantitative
assessment of water availability is a prerequisite for the development of sustainable
measures of water management in view of an increasing water demand and a possibly
decreasing availability in future. For this task, hydrological models as one component
within an integrated approach, which links various sectors of the complex natural and
human system and their feedbacks, are indispensable tools.

A broad set of requirements is usually imposed on hydrological models within
such a framework. Similar to the example in this study for semiarid northeastern Brazil
(see Gaiser et al., 2003, for an overview) this often includes the applicability of the
medel for large spatial scales, like river basins, and for long temporal scales, such as
decades in the view of climate change impact assessment. The latter objective calls for
a physically-based representation of the hydrological processes to capture the influence
of climate and land-use change on the water balance. These processes, however,
mainly operate at considerably smaller temporal and spatial scales, This, in turn,
requires adequate scaling approaches to link the process scales with the final scale of
interest of the model application. In semiarid environments, the specific
hydroclimatological and physiographic conditions, ¢.g. high temporal and spatial
variability of rainfail, high rainfall intensities, intermittent river runoff, sparse
vegetation cover, and large number of dams, lead to a specific set of dominant
processes to be represented in the model (see e.g. Beven, 2002). In this study, the focus
is on infiltration-excess runofT and lateral water fluxes, including related sensitivities
and uncertainties with regard to climate change impact assessment.
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Fig. 1 (a} Location of the study area Ceard in northeastern Brazil. {b) Rainfall stations
of Cearé in two different data sets uscd in this study, and mean annual precipitation
interpolated toa 10 x 10 km™ grid from the station data of Set 1, period 19601998,

STUDY AREA

The study area is the Federal State of Ceara (150 000 km™) in the semiarid tropical
northeast of Brazil (Fig. 1(a)). Mean annual precipitation is about 850 mm, falling
mainly within a rainy season of about five months. [nter-annual rainfall variability is
high, the mean annual rainfall of the 10 driest and 10 wettest years within the period
1960-1998 was 610 and 1370 mm, respectively. The coefficient of variation (C,) of
annual rainfall is 36%. Potential evaporation amounts to about 2100 mm. Being mainly
characterized by crystalline bedrock and shallow soils, surface water provides the
largest part of the water supply. Mcan anmual runoff ratios are in the range of 10-20%
of annual rainfall, The C, of annual discharge is generally above 100%. The target
units of the model application in this study are sub-basins of about 1 x 10° km” in size.

MODEL OVERVIEW

Modelling experiments were realized with the hydrological model WASA (Model of
Water Availability in Semi-Arid environments) (Giintner & Bronstert, 2003; Giintner,
2002). WASA is a deterministic, spatially distributed model being composed of
conceptual, process-based approaches. Water availability (river discharge, storage
volumes in reservoirs, soil moisture) is determined with daily resolution. Sub-basins
are disaggregated i WASA into smaller modelling units within a multiscale,
hierarchical approach. Structured variability of landscape characteristics along
toposequences is captured by terrain components which represent areas of a specific
topographic position within the toposequence and with similar slope gradients and soil
associations. Lateral redistribution processes at the hillslope scale are represented as
flow between the terrain components of adjacent topographic position. This includes
lateral subsurface flow, based on a simple Darcy-type approach, and re-infiltration of
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surface runoff, e.g. originating form the slope arca and re-infiltrating in the valley
bottoms. Additional stochastic variability within terrain components is captured by
modelling units which represent the various combinations of different soil and
vegetation characteristics, Due to the low resolution of available data, small-scale
variability is not represented explicitly with geographic reference, but by the
distribution in area of sub-scale units and by statistical transition frequencies for lateral
fluxes between these units.

At the smallest level of the hierarchy (soil profiles) vertical processes are
represented. Infiltration modelling is based on the Green-Ampt approach. A scaling
factor is applied in the infiltration routine to reduce the hydraulic conductivity of the
soil surface in order to compensate for underestimated rainfall intensities in the input
data. This underestimation is due to: (a) the daily resolution of the rainfall data which
does not capture high short-term rainfall intensities of convective precipitation events,
and (b) the loss of variance by interpolation from station data to the medelling units,
performed by ordinary kriging in this study. The scaling factor is derived as the ratio of
mean rainfall intensities of hourly station-based data to those of the daily interpolated
time series. Evapotranspiration is described by a modified Penman-Monteith approach,
particularly taking into account soil evaporation (Shuttleworth & Wallace, 1983), and
the soil water balance is calculated by a multi-layer storage approach. Al model
parameters of WASA can be derived from the physicgraphic information about the
study area. Thus, model calibration is primarily not required.

RESULTS

Simulations were performed at the scale of the sub-basins of Ceara using two rainfall
data sets, one respecting all available information from, on average, 230 rainfall
stations in the study area (Set 1 in Fig. 1(b)), and another data set including only those
29 stations with long-term time series which allow the construction of regional climate
scenarios (Set 2 in Iig. 1(h)) (Gerstengarbe & Wemer, 2003). Large deviations of
rainfall volumes at the sub-basin scale resulted for the data set with lower station
density (Fig. 2). Differences in simulated annual runoff volumes were larger than the
underlying differences in the rainfall input by a factor of about 2.5.
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Fig. 2 Effect of differences in rainfall volumes between two data sets on simulated
runoff (mean annual values, period 1960-1998, for sub-basing in Ceara).
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The simulation with the scaling factor for infiltration moedelling resulted in runoff
volumes were on average about 25% larger than those of a simulation without the
scaling factor (Table 1). This was mainly due to a considerably larger amount of
infiltration-excess runoff being generated in the first case. In particular during periods
of lower soil moisture, runoff events were correctly represented by the model only if
the scaling factor was applied, otherwise they were considerably underestimated
(Gintner & Bronstert, 2003).

Respecting the lateral interaction of water fluxes between landscape units led to
total runoff volumes at the sub-basin scale being on average 13% lower than for a
simulation which did not include any lateral redistribution of runoff (Table 2), The
main effect results from re-infiltration of surface runoff into areas of higher infiltration
capacity. There, the additional soil moisture is avatlable for evapotranspiration instead
of contributing to basin runeff. According to the simulation results, about two thirds of
this runeff reduction is due to the effect of stochastic variability between terrain
patches with different soil and vegetation characteristics, while the remaining third is
due to the effect of structured heterogeneity of the landscape between terrain
components along toposequences.

Respecting the lateral redistribution processes in the model increased the inter-
annual variability of simulated basin discharge (see C in Table 2). Similarly, the
relative effect of lateral redistribution on runoff was more apparent in dry years com-
pared with wet years. In dry years, the refillable soil moisture storage in units adjacent
to those generating runoff is expected to be larger on average. Thus, a larger fraction of
generated focal runoff is retained. These results ndicate that lateral redistribution

Tahle 1 Sensitivity of scaling with regard to raintali intensities on WASA simulations for Ceara, mean
annval values, 19601998, P: precipitation, £ evapotranspiration, 0: total runeff, O infiltration-excess
surface runoff (mm).

P {mm) £ (mimn) 0 (inm) gi(mm)  O/0 (%)

Simulation without scaling factor 861 724 118 16 14
Simalation with scaling factor 861 696 147 65 44

Table 2 Effect of lateral redistribution processes on runoff for Ceara, mean annual values, 1960-1998,
subscript dry for the 10 driest years only, subscript wet for the |0 wetlest years. O total runolf, C.:
coefficient of variation of annual runoff.

Q C\‘ Qu'cl Qri'l:\'
Simulation without lateral redistribution 169 (mm) 96 (%) 322 {mm) 5¢ {mm)
Simulatien with lateral redistribution 147 {mm} 120 (%) 298 (mm) 41 (rmm)
Difference —13.0 (%)  20.0 (%) —7.5 (%)} —30.5 (%)

Table 3 Model sensitivity to changes in soil hydraulic conductivity on runoff for Ceard, mean annual
valugs, period 1960-1998. O total unoff, O;: infillration-excess surlace runoff, Oy, lateral subsurface
flow, £, fie: fraction of both runofT components on total runoff.

Change factor of parameter 0.1 0.5 1.G 5.0 10.0
¢ (mm) 181 154 147 142 148
& (mm) 142 86 64 33 23
Si{%) 78.5 558 43.3 23.2 15.5
Opr () 27 38 42 59 71

Jiua (%) 14.9 24.7 28.6 41.5 48.0
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Fig. 3 Sensitivity of soil and ferrain parameters of WASA to simulated mean annual
runoff, period 19601998, x-axis: multiplicative change factor for parameter values;
boxes: median, 25th and 75th percentile of change in runoff for 107 sub-basins in
Ceara {all years); whiskers: 10th and 90th percentile of runoff change; circles: median
runoff change for the 10 driest years only; triangles: median runoff change for the 10
wettest years only.

effects may provide an important contribution to the nonlinear runoff response of
semiarid catchments.

The sensitivity of model parameters on runoft simulations is presented in Fig. 3 for
the example of soil and terrain parameters. Parameter values were changed within an
assumed range of uncertainty, depending on the detail and accuracy of the available
data. Large sensitivities were found in particular for parameters governing the storage
capacity of soils (porosity and content of coarse fragments) and for the saturated
hydraulic conductivity of the soil (Fig. 3(e), (g), (h)). A decrease in the soil conduct-
ivity values usually led to a marked increase in runoff volumes, as conductivity values
are then often in the range of the rainfall intensities, leading to higher volumes of
infiltration-excess runoff (Table 3). For an increase of conductivity values, on the other
hand, decreasing generation of infiltration-excess runoff was in parts compensated by
an increase in lateral subsurface runoff (Table 3), resulting in no net change in ronoff
at the basin scale on average.

The sensitivity of model parameters on simulation results was of different
magnitude for wet or dry climatic boundary conditions. Bedrock parameters, for




48 Andreas Gilntrer & Axel Bronstert

instance, werc more sensitive in wet years because percolation through the soil profile
and related lateral subsurface flow processes accur deep enough to be influenced by
the bedrock characteristics only for these wet conditions (Fig. 3 (¢}, (d)). On the
contrary, for soil parameters, the model was markedly more sensitive in dry years
when infiltration-excess runoff generation and, thus, the near-surface characteristics
are dominant (Fig. 3 (e), (g), (h)). A similar study for the vegetation parameters (e.g.
canapy height, albedo, stomata resistance) revealed generally a larger sensitivity to
runoff for wet as compared to dry years. This is mainly due to the fact that the rate of
transpiration losses, being governed by these parameters, is of larger importance for
pre-event soil moisture conditions and thus runoff generation in wet years with a more
dense sequence of rainfall events.

CONCLUSIONS

The simulation results demonstrate the large sensitivity of the runoff response in
semiarid environments to changes in rainfall (see also, e.g. Arnell, 2000), This implies
that uncertainties in rainfall input are transferred into considerably larger uncertainties
in the simulation of runoff volumes. Beside of rainfall volumes, modelling of runoff
generation in this type of environments with a large importance of infiltration-excess
runotf is shown to be very sensitive to rainfall time series characteristics. In particular,
the need to apply a scaling approach with regard to rainfall intensities is highlighted, as
rainfall intensities are underestimated in most large-scale model applications which,
for reasons of data availability and model efficiency, use interpolated daily rainfall
data. Furthermore, the results demonstrate that processes of lateral redistribution of
runoff can have a considerable influence on discharge at the basin scale. It is important
to take them mto account particularly when the magnitude of the change in runoff for a
given change in rainfall in the course of climate change is to be assessed. Tn addition,
due to the different importance of various hyvdrological processes for different climatic
conditions, sensitivity studies on model parameters point out that uncertainties in
parameter values may have different implications for the uncertainty of scenario
simulations depending on whether an increase or a decrease in rainfall is expected.
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