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Abstract Daily streamflow time-series data are often in demand in South 
Africa in water resource assessment problems and in river ecology studies. 
The latter normally require daily time-series data for natural conditions in a 
catchment. The generation of such time series by means of deterministic 
physically based daily models is a time consuming approach, while simpler 
methods may have a similar success. The paper investigates the possibilities 
of reproducing the natural daily flow variability using historical daily flow 
time series, which may be partially affected by water resource development. 
The natural daily time series at a site of interest is generated using a non­
linear spatial interpolation technique, which is based on 1-day flow duration 
curves for each calendar month of the year. The general purpose of this 
technique is to transfer the daily flow information from a source site(s) with 
data to the destination site(s) where these data are either insufficient, not 
available or need to be naturalized. The paper describes the approaches by 
which to establish 1-day flow duration curves representing the natural flow 
regime at the destination site and illustrates the application of the time-series 
generation technique with examples from regulated streams in South Africa. 

INTRODUCTION 

Daily streamflow information is required in the design of run-of-river schemes, water 
quality calculations, assessment of catchment development impacts on river ecology 
etc. With the recent shift towards the integrated management of water resources, 
rapid development of small-scale water supply schemes in previously underdeveloped 
regions and increased attention to riverine ecology, these data are required urgently. 
At the same time the characterization of daily flow regimes from observed data in 
many regions of South Africa is possible only at a limited number of sites. Also, 
streamflow records are often affected by various anthropogenic impacts, while it is 
the data representing natural catchment conditions which are in demand. The typical 
example of the latter in South Africa is the estimation of Instream Flow 
Requirements (IFR) necessary to preserve the ecological balance of a stream after the 
implementation of the water scheme. The IFR intend to "design" a modified flow 
regime which would mimic the most important features of the natural one. 

The use of deterministic rainfall-runoff modelling techniques is one possible and 
rather common solution to the problem. However, certain complications arise when 
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the simulation of streamflow time series in natural conditions is intended. A model 
has first to be calibrated against existing flow data (normally affected by catchment 
changes), and then its parameters have to be modified to represent the natural state of 
the catchment. The direction and degree of parameter changes should be 
scientifically justified. Eventually the model is run with the new parameter values to 
generate the "naturalized" flow time series (all direct abstractions/effluents to the 
stream are obviously ignored). Generally, the rainfall-runoff modelling is a complex 
and labour intensive approach, and simpler estimation techniques in certain 
circumstances may have similar value. 

Hughes & Smakhtin (1996) described the pragmatic technique of spatial 
interpolation of observed flow data which was initially designed to patch/extend daily 
flow records at the site of interest. The technique allows a time series of daily flows 
from one site to be transferred to another using a flow duration curve (FDC) as a key 
"transfer function". (A FDC is a relationship between a flow value and the 
percentage of time this flow is equalled or exceeded, and it therefore gives a 
"summary" of the hydrological regime at a site displaying the complete range of 
river discharges from low flows to flood events). This method was extensively tested 
using the data from different locations in southern Africa and was found to perform 
at least as well as a more complex rainfall-runoff simulation approach. Smakhtin et 
al. (1997) described a method by which the application of the spatial interpolation 
technique for daily flow time series generation may be extended to completely 
ungauged sites. The current paper investigates one of the other possible extensions of 
spatial interpolation technique—its application for the generation of daily flow time 
series representing natural conditions in a catchment. 

NONLINEAR SPATIAL INTERPOLATION TECHNIQUE 

The nonlinear spatial interpolation technique of observed streamflow records is based 
on 1-day FDCs for each calendar month of the year. The flow record at the site of 
interest (destination site) may either be deficient in some way (e.g. needs to be 
patched or extended), or completely missing. In the former case, the required set of 
1-day monthly FDCs at the destination site may be established directly from the 
record (Hughes & Smakhtin, 1996). In the latter, FDCs may be established using 
regionalization techniques (Smakhtin et al., 1997). In either case a good quality flow 
record at least at one of the neighbouring (source) sites should be available for data 
transfer and the application of the spatial interpolation technique follows several 
subsequent steps: 
- identify up to five possible "source" flow gauging stations and assign weights to 

each of them based on the degree of similarity between "source" and destination 
site flow regimes; 

- generate tables of discharge values for each site and each month of the year for 
fixed percentage points on the FDCs; 

- identify the % point of each day's flow at the source site; read off the flow value 
for the equivalent % point from the destination site's FDC table; log-interpolate 
between fixed % points; repeat the procedure for each "source" site and take the 
weighted average of all estimates for the "destination" site. 
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The technique has been set up in the form of a "model" which may be applied to 
a number of gauges in a catchment at once and "calibrated" in a similar way to, for 
example, rainfall-runoff models by (a) changing the selection of the source sites and 
their number and/or (b) changing the weighting factors for each "source" site. The 
simulated daily flow time series may be visually compared with original observed 
data (if it exists) during the calibration period. The results of simulations may also be 
assessed using standard criteria of fit between observed and simulated time series. 
The comparison is made for untransformed and log-transformed flows. The fit 
statistics used are the maximum, minimum and mean flow value, standard deviation 
and coefficients of determination (R2) and efficiency (CE). R2 and CE are defined as 
follows: 

R2 = Z(Si - MO)2 11(0, - MO)2 (1) 

CE = 1 - I (0, - S, ) 2 IX (0, - MO)2 (2) 

where 0, and S, are correspondingly observed and simulated values and MO is the 
mean value of the observed time series. The purpose of comparison of untransformed 
flows is to assess the general quality of simulations, while fit statistics for log-
transformed flows provide a better indication of the correspondence for low flows. 
The model output consists of (a) patched/extended observed flow time series; 
(b) generated flow time series which are made up completely of simulated daily flow 
values regardless of whether the original observed flow was missing or not. 

APPLICATION FOR SITES LOCATED DOWNSTREAM OF RESERVOIRS 

For ecological purposes it is often required to know the degree of modification of the 
natural flow regime in a river due to upstream flow regulation. Therefore, the 
representative time series (often including particular years, e.g. extremely dry) for 
unmodified flow conditions downstream of existing reservoirs, are required. 

If daily flow records exist at the destination site located downstream of the 
reservoir, and the observation period at this site is only partially affected by the 
upstream impoundment (normally the latest part of the period), then part of the 
record representing unmodified flow regime at the destination site should be 
identified. The observations at the source gauge(s) should certainly extend into the 
period for which the flow generation at the destination site is intended. 

A number of examples which illustrate this situation may be found in South 
Africa. One example is the Blyde River catchment located to the west of the Kruger 
National Park boarder. The gauge B6H005 (catchment area 2204 km2) with a record 
starting in 1958, is located downstream of the Blydepoort Dam which was 
constructed in 1974 (Fig. 1). No catchment or water resource developments occurred 
upstream of this gauge until the construction of the reservoir. Therefore, the first 
part of the record at gauge B6H005 (prior to 1974) represents the natural flow 
regime in the river, while the second part (from 1974 until present) reflects the 
modified flow. Tables of discharge values for 17 fixed percentage points for each 
calendar month have therefore been generated using the unmodified flow period 
(1958-1973). 
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Fig. 1 A schematic layout of the streamflow gauging network in the Blyde River 
catchment. 

The suitable neighbouring source sites are B6H001 (518 km 2), B6H003 (93 km2) 
and B6H006 (43 km 2, Fig. 1). The first gives the largest contribution to the flow at 
gauge B6H005 downstream. It is also the closest gauge to the destination site and is 
located on the same river. Therefore, it should be assigned the largest weight (e.g. 
0.8). The other two contribute less and may be assigned smaller weights (e.g. 0.1 
each). All source gauges record natural flow conditions and their entire observation 
periods (normally from the late 1950s until the present) have been used to generate 
discharge tables. 

The statistics of fit between observed and generated flows are summarized in 
Table 1. High values of R2 and CE for both untransformed and log-transformed 
flows during pre-impoundment period are indicators of a good simulation. During 
this period the flows in both wet and dry years are simulated equally well (Fig. 2). 
Relative deterioration of the fit statistics (particularly for log-transformed flows) 
occurs in the post-impoundment period (Table 1). This is a direct consequence of 
comparing observed regulated and simulated natural daily flow sequences. The 
differences between the two are especially pronounced during dry years, when flow 
regulation becomes critical (Fig. 3). 

If no flow observations exist downstream of the reservoir site during the pre-
impoundment period, the set of 1-day monthly FDCs for the destination site may be 

Table 1 Fit statistics for pre-impoundment (1958-1973) and post-impoundment (1974-1996) periods at 
gauge B6H005. 
Period Time Untransformed flows: Log-transformed flows: 

series Max 
(nrV) 

Mean 
(m3 s'1) 

SD 
(nrV) 

R2 CE Min R2 CE 

1958-1973 Obs. 318 6.72 13.7 0.90 0.90 -2.76 0.86 0.86 
Sim. 296 6.47 13.1 -2.56 

1974-1996 Obs. 270 7.37 15.3 0.81 0.81 -1.92 0.73 0.66 
Sim. 284 8.09 14.7 -1.78 
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Fig. 3 Observed regulated and simulated natural daily streamflow hydrographs for 
the Blyde River at gauge B6H005 for a drought year during the post-impoundment 
period. 

established using either regionalization techniques on the basis of several natural 
records from neighbouring gauges (the procedure is similar to that described by 
Smakhtin et al., 1997). The more pragmatic alternative is to use just one nearest 
upstream gauge with good quality data. In this case each of the fixed percentage 
points on the discharge table generated from these data should be adjusted 
accordingly using a certain correction factor to produce the discharge table at the 
destination site. 

The correction factor may be calculated as the ratio between the catchment areas 
at the destination site and the site with data. However, one of the critical aspects of 
this approach is that streamflows at even closely adjacent sites are rarely linearly 
related to catchment area. The more valid alternative is to use the ratio of the Mean 
Annual Runoff (MAR) values of the destination site of interest and the nearest 
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upstream gauged site with data. In South Africa the estimates of the "virgin" MARs 
are available for almost 2000 small and normally ungauged drainage subdivisions 
throughout the entire country (quaternary subcatchments) from the report "Surface 
Water Resources of South Africa 1990" (Midgley et al, 1994). For larger basins, 
MAR may be calculated as a sum of MARs of all quaternary subcatchments above 
the catchment outlet. If the virgin MAR data are not readily available (e.g. for other 
countries), these estimates may be obtained by means of regional regression models. 

Generation of natural flow sequences for a regulated river reach in the absence of 
historical flow records downstream of the reservoir site may be illustrated by the 
example of the Bushmans River located in KwaZulu-Natal Province to the east of the 
boarder with Lesotho (Fig. 4). Good quality flow records at the two adjacent gauges 
V7H012 (196 km2) and V7H017 (276 km 2), starting normally in the early 1970s, 
reflect the unmodified flow conditions. The flow is also measured at the Wagendrift 
Dam (gauge V7H020, upstream catchment area 744 km2) constructed in 1963, but no 
flow records exist for downstream of the dam during the pre-impoundment period. 

The flow at gauge V7H017 contributes the most to the inflow to the dam and its 
FDC discharge tables may be used to generate FDC discharge tables at the reservoir 
site (it should also be assigned the largest weight for the application of the nonlinear 
spatial interpolation technique). The historical MAR estimate at V7H017 is 
118 x 106 m 3, while the virgin MAR at the dam site (as the sum of three upstream 
quaternary subcatchments (Fig. 4) is 222 x 106 m 3. Therefore, to calculate the FDC 
discharge tables at the dam site, the FDC discharge tables at V7H017 are corrected 
by the factor of 1.882 (MAR D A M / MAR V 7 H 0 1 7 ) . Once the FDC discharge tables at the 
destination dam site are constructed, the spatial interpolation technique is applied in 
the same way as described above. The restored natural daily streamflow time series 
at the dam site reflects the main features of the unmodified upstream flow regime 

Fig. 4 Map of the Bushmans River catchment showing the location of streamflow 
gauges and quaternary catchment boundaries. 
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and, if compared with observed flow at the dam, clearly illustrates the degree of 
changes in flow regime brought to the entire downstream river system by flow 
regulation (Fig. 5). 

All the calculations and analyses described, including the construction of the 
FDCs, generation and correction of the FDC's discharge tables, setting up and 
running the spatial interpolation algorithm and calculating fit statistics have been 
performed using the comprehensive PC based system HYMAS (Hydroiogical 
Modelling Application Software) which was developed in the Institute for Water 
Research of Rhodes University and is designed to run various hydroiogical models 
and analyse observed and/or simulated hydroiogical variables. 
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1 

1 

HA I I I • '< 

1 1 * 1 1 1 
0 50 100 150 200 250 300 350 

Days from 1 October 1982 
Fig. 5 Observed regulated and simulated natural daily streamflow hydrographs for 
the Bushmans River at gauge V7H020 downstream of the Wagendrift Dam. 

CONCLUSIONS 

The method described in this paper is aimed at the quick restoration of natural daily 
streamflow sequences frequently required in ecological studies. It is designed as a 
pragmatic alternative to the application of more complex deterministic daily rainfall-
runoff models. Although the performance of the method is illustrated with examples 
of regulated streams only, its application is not limited to such cases and may be 
extended to other situations, e.g. in which natural daily flow time series data are 
required for ungauged sites. As such, the technique has been widely used by the 
authors in recent years for various water resource assessment problems in South 
Africa. 

Weighting of the FDC discharge table by a constant correction factor implies that 
both high and low flows are changing downstream to the same proportion. This may 
not be the case in many rivers where the natural variability of daily flows is 
decreasing downstream. Consequently, more research is required to address and 
properly reflect in the existing technique the issue of different changes in high and 
low flows with the increasing size of the river catchment. 
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Abstract Drought persisting in the Sahel for more than 25 years, impacting 
both surface and subsurface water resources, raises the question whether the 
hydroiogical impacts are proportional, dampened, or amplified in response to 
the climatic change manifested by the drought experienced since 1970. A 
physically-based distributed model, r.water.fea, applied to a 2.48 km2 

endoreic drainage basin, typical of the Niamey area of West Niger, is used 
to evaluate the sensitivity of the hydroiogical system to such climatic 
extremes under four reduced-rainfall scenarios. Scenarios are built by 
elimination of various subsets of recorded storm events from the four 
monitored seasons 1992-1995. The hydroiogical response varies from no 
decrease to nearly a 30% decrease depending on the storm selection criteria. 
These results emphasize the variability of the hydroiogical response to 
regional climatic changes and the importance of a detailed characterization of 
the hydroiogical process transforming rainfall into runoff at the basin-event 
scale. 

INTRODUCTION 

Prospects of reduced water supply, crop yield, and food production have prompted 
the consideration of the vulnerability of the local hydroiogical balance to global 
climatic changes. A growing societal demand is put on hydrologists to predict 
regional impacts on the water resources of the most exposed and vulnerable areas, 
such as the Sahel. This populated, semiarid region has been facing a severe drought 
for more than 25 years, and may well continue to experience such rainfall deficits. 
Compared to climate change, little attention has been paid to how the hydroiogical 
cycle responds to climatic change. Coupling a general circulation model with a 
hydroiogical model for forecasts of climate change impacts on water resources is 
envisioned. Hence, a project is under way, with the French Programme National de 
Recherche en Hydrologie (PNRH) to use spatially and temporally disaggregated 
rainfall fields from the atmospheric general circulation model developed by 
Laboratoire de Météorologie Dynamique (LMD), Paris, as input to a spatially-
distributed hydroiogical model. The study area is within the square degree (2°-3°E, 
13°-14°N) of the Hydrologie and Atmospheric Pilot Experiment (HAPEX-Sahel) 
located near Niamey, Niger. The work presented herein addresses the sensitivity and 
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range of possible hydrological responses to climatic change for a small basin 
representative of rainfall-runoff in this region of the Sahel. 

Climatology of the study site 

Large-scale atmospheric circulation over the region of the Sahel results in a positive 
gradient of annual rainfall from north to south of 1 mm km"1 in the vicinity of 
Niamey, Niger. Penetration of moisture from the Gulf of Guinea initiates the rainy 
season where 80% falls between the period July-September (Lamb & Peppier, 
1991). As we move to the mesoscale in the Sahel, annual rainfall is the composite of 
convective storms of three main types identified by Desbois et al. (1988): local 
convective systems, moving organized convective systems, and squall lines (lignes de 
grains) which move in the direction of the tropical easterly jet. Embedded within 
these north-south oriented squall lines are convective cells and complexes which are 
responsible for delivery of rainfall in any particular catchment. As we move from the 
regional scale, where annual rainfall gradients are well identified, to the mesoscale, 
the spatial and temporal variability of rainfall patterns is more pronounced. At the 
catchment or point scale, the annual rainfall depends largely on the chance of a storm 
passing over a particular location due to the granularity of the rainfall fields at this 
scale. Thus, a particular catchment may experience a hydrological extreme of 
drought or flood that is in opposition to regional climatological conditions. 

Drought as manifested in the Sahel is a reduction of rainfall. How this reduction 
takes place has prime importance to the concomitant evolution of runoff. Several 
researchers have analysed the rainfall climatology of the Sahel between 1950 and 
1990, and compared the periods before and after 1970. The conclusion is shared that 
a dominant factor in the rainfall reduction of about 30% has been a decrease of the 
number of events observed during the rainy season, particularly during the most 
intense period of July-August (Lebel & Le Barbé, 1997; Lebel et al., 1997). Le 
Barbé & Lebel (1997) suggest that the rainy season length and mean event rainfall 
depth remained relatively constant, and attribute 90% of the annual rainfall reduction 
to the decrease in the mean number of events in July and August. This indicates that 
a sparser distribution of events during the rainy season has been acting as the 
primary source of rainfall shortage in the post-1970 Sahelian drought. The impact of 
this drought on the hydrological response of a small endoreic basin located in the 
Sahel is the subject of this research. 

Hydrology of the study site 

The hydrological system of the 1500 km 2 SSZ region in the HAPEX-Sahel research 
area (SSZ: SuperSites Zone, a composite of the West Central and East Central Super 
Site, see Goutorbe et al., 1994) consists of a mosaic of small endoreic catchments 
collecting into pools formed on plateaux and sand-blocked former river channels. 
Water is lost to shallow infiltration and subsequent evaporation from surface areas 
and ravines that convey the runoff. Water remaining in the pools infiltrates and 
recharges the regional aquifer in the vicinity of the pools. A comprehensive pool 
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survey was carried out by Desconnets (1994) deriving a pool typology. The 
hydrology of the endoreic system of basins and aquifer characteristics is described by 
Desconnets et al. (1997). Desconnets et al. (1996) present a GIS and model system 
used to manage the spatial data necessary for hydroiogical simulations. 

Despite the severe drought in this area, which is typical of the entire Sahel, the 
regional water table has shown a continuous rise over several decades within the 
SSZ. Though paradoxical during a drought, this is interpreted as a consequence of 
anthropomorphic transformation of natural land into cropland with higher runoff 
coefficients (Leduc & Loireau, 1997). Indeed, soil degradation and crusting induced 
by cultivation are considered to highly increase runoff to the pools, and hence 
groundwater recharge. 

Considering the hydrography and toposequence controlling the runoff processes, 
pool level recording is the only easy way to observe runoff fluxes at the catchment 
scale in this area. Pool and aquifer water make up the only available water resources 
for the local population. Hence, within the SSZ, runoff from the endoreic catchments 
into the pools is the bulk source of water resource renewal in this region. 

METHODOLOGY 

The objective of the work presented here is to obtain an idea of the possible 
magnitude of water resource losses through decreased annual and interannual runoff 
in case of future rainfall reduction. More precisely, under the hypothesis of 
unchanged environment (e.g. land-use changes), the purpose is to assess the 
sensitivity of cumulated runoff to a large range of climatic scenarios, and to produce 
upper and lower bounds for possible runoff reduction relative to rainfall reduction, 
under these scenarios. The Wankama catchment, considered to be representative of 
the hydrology in the SSZ region, is used for this purpose. The geographic location of 
the SSZ and Wankama study site located within Niger in West Africa is shown in 
Fig. 1. The 1992-1995 observation period is taken to represent a reference situation 
from which rainfall reduction scenarios may be derived. 

Catchment characteristics 

The topographic sequence of features controlling runoff is typified by relatively 
impervious plateaux with marginal contributions of runoff over the edge to sand 
escarpments incised by ravines which collect runoff before discharging to a mid-
slope spreading zone or sand clogged river channel (kori). Upper reaches of the 
ravines and the spreading zone are known to be highly pervious permitting 
significant runoff losses. Pools (mares) form, in some cases midslope between 
plateaux and valley bottoms, but generally in valley bottoms providing sources of 
water. Infiltrated water from ravines is largely lost to subsequent évapotranspiration; 
whereas, percolating water below the pools may reach the ground water table 
providing recharge. The Wankama catchment has average slopes on the order of 2% 
with steep slopes adjacent to the plateau edge. Vegetative cover is sparse with some 



g. 1 Location of the Wankama catchment. 


