Potential benefits of tropical seasonal rainfall forecasting for rainwater catchment systems
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Abstract

Much work has been done recently on interannual and seasonal rainfall forecasting for the tropics. Such forecasts are usually reliable at a regional or macro scale, but are less successful at the meso- or local scales, which are of interest for rainwater catchment systems. Methods are needed for the transfer of seasonal rainfall forecasts to the management of rainwater catchment systems and for evaluating their performance. This paper addresses the topic and presents an approach for transferring forecasts from regional to basin or local scales and an evaluation of their skill (as defined in the paper) for the Brazilian Nordeste. The results show that forecast skill decays as the scale becomes smaller and that forecasts are still of limited use at the local scale. On the other hand, they can be immediately useful for regional early warning applications, as well as for the management of larger rainwater catchment systems, such as those of large reservoirs.

Introduction

Rainwater catchment systems are more vulnerable and less reliable when located where rainfall is highly variable in space and time. This is the case of several tropical regions in the world. Procedures for designing such systems must consider this variability and, even so, their management is complicated by the uncertainty of future rainfall. In recent years, better understanding of atmospheric and oceanic behaviour has resulted in improved early estimates of seasonal rainfall for the Tropics. These forecasts are potentially useful for managing rainwater catchment systems. Currently, however, tropical seasonal rainfall forecasts are at the regional scale, and their usefulness – whether for water management, rain-fed agriculture, domestic supply or irrigation – will depend on how far they can be decomposed to give forecasts at smaller scales. This paper addresses this question and presents an assessment for the Brazilian Nordeste.

Seasonal rainfall forecasting

A number of research groups are working on seasonal rainfall prediction for the Tropics, using methods falling into two broad classes: (a) statistical-empirical, and (b) dynamic (Hastenrath, 1995). The first group contains methods based on regression, discriminant analysis, and neural networks, among others. The second group includes models of atmospheric behaviour. Many of these methods present their results including a measure of uncertainty. One common format presents the forecasts in categories (usually three or five) assigning an expected probability of occurrence to each category. Although this kind of forecast delivers more information to the user, it is more difficult to link with conventional approaches for management and decision making.

Resampling procedures have been proposed for coping with the problem of transferring probabilistic rainfall forecasting into probabilistic estimates of other variables of interest, such as river runoff and soil moisture (Croley, 1996; Briggs and Wilks, 1996). This approach basically consists of building a structured set of coupled events of seasonal rainfall and, say, runoff (or rainfall at a different scale) anomalies from the historical record that gives relative frequencies of seasonal rainfall satisfying the probabilities of the climate forecast. The probability distribution of the structured set of seasonal runoff (or rainfall at a different scale) can be determined by considering the relative frequencies of the events. Relevant features of resampling are its mathematical and computational simplicity and that it estimates other variables also in probabilistic fashion. This paper uses the method presented by Croley (1996), outlined below. Consider the case of a forecast expressed in five categories, which specifies the following probabilities for seasonal rainfall:
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where Q = seasonal rainfall; (( = rainfall reference (-probability quantiles for the season; and a, b, c, d, e = forecast settings.

A very large structured set can be built, which relative frequencies satisfy (1), by duplicating the years in the historical time series, such that:
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where, N is the size of the structured set, NA is the number of years in the structured set with Q ( (0.2, NB is the number of years with (0.2 < Q ( (0.4, etc. The historical time series of rainfall of n years has nA years with Q ( (0.2, nB years with (0.2 < Q ( (0.4, etc. The structured set is constructed by duplicating each of the nA years NA/nA times, each of the nB years NB/nB times, and so on. Each year i (i = 1, ..., n) is duplicated ri times. By judiciously choosing these duplication numbers (r1, r2, ..., rn), it is possible to force the relative frequency of any arbitrary defined group of scenarios in the structured set to any desired value. For sufficient large N, we can approximate a priori settings at any precision by using integer-valued duplication numbers, ri.

Now consider the historical seasonal time series of a related variable X – runoff, rainfall at a smaller scale, soil moisture, etc. (x1n, ..., xnn), corresponding to the seasonal rainfall time series. This series is resampled following the ri determined for the rainfall series, generating a seasonal structured set of variable X of size N, which can be considered as the forecast sample of X. Statistics can be written as functions of either the structured set (x1N, ..., xNN) or the original set (x1n, ..., xnn). For example, the probability distribution of the structured set of seasonal variable X can be determined by considering the relative frequencies of events x (Croley, 1996):




where, being qi = seasonal precipitation of year i,
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To assess the value of using seasonal rainfall forecasting for rainwater catchment systems, it is necessary to establish some evaluation criteria. The ranked probability score (RPS) is an appropriate measure of accuracy for probabilistic forecasts of categories, such as those described above. It penalizes forecasts increasingly as more probability is assigned to event categories further removed from the actual outcome (Wilks, 1995). The score for a perfect forecast is RPS = 0; the worst possible score is RPS = J - 1, where J is the number of categories in which the forecast space is divided. In case of five categories, J = 5 and the worst score is RPS = 4. The skill score refers to the relative accuracy of a set of forecasts, with respect to some set of reference forecasts (taken in this paper to be long-term average values of the predictand). It is interpreted as a percentage improvement over the reference forecasts. The skill score for RPS is Sref = 100 (1 – RPS/RPSref). If the forecasts being evaluated are inferior to the reference forecasts (RPS > RPSref), Sref < 0%; if the forecast is perfect, RPS = 0, and the skill score attains its maximum value of 100%; otherwise, if RPS = RPSref, then Sref = 0%, indicating no improvement over the reference forecasts (Wilks, 1995).

The Brazilian Nordeste

The north-eastern region of Brazil, the ‘Nordeste’, has an approximate area of 900000 km2 in a semiarid and drought-prone climate. The rainy season of the ‘north of Nordeste’, a region of about 500000 km2 within Nordeste (Fig. 1), although highly variable in space and time, presents a relatively high predictability. It generally falls between January and July, but concentrated in the four months February to May.

One of the policies traditionally pursued to cope with drought is to build large storage reservoirs. These reservoirs are ‘interannual’, i.e., designed to store water for use over several years. They supply cities, industries, irrigation districts and are also used for fisheries and power generation. At the local scale, micro-catchment systems, such as small dams, cisterns and wells occur widely. These operate on an annual basis, i.e., they are designed to store wet-season water for use during only the following dry period. They serve for supplementary irrigation of small fields, animal feeding and household supply. All of these systems are very vulnerable to climate variability, particularly the small ones.

The potential benefits of seasonal rainfall forecasting for managing rainwater catchment systems in the Nordeste can be evaluated by the forecast skill on the regional scale, important for actions at the institutional level (governmental or otherwise), on the basin scale, where runoff is generated for input into the large reservoirs, and on the local scale, the scale of the individual micro-catchment systems.

Hydrological records, particularly for discharge, are limited in the region. For this study, rainfall records were available for 1912-88 from a network of stations sited in the ‘north of Nordeste’. Seasonal (February to May) rainfall anomalies averaged over this area constitute the ‘regional rainfall’ series used in this paper. Piancó, a typical drainage-basin in the region, was selected for study, where nine raingauges provided data for the ‘basin rainfall’, two of them belonging to the regional-rainfall network. Discharge was measured at the basin outlet (area 4550 km2) from 1964-88 and extended to the period 1912-63 by a monthly hydrological rainfall-runoff model. The ‘local rainfall’ is a seasonal series for one raingauge, located within Piancó Basin.

A series of forecasts for the period 1912-88 was simulated using the forecasting method based on linear discriminant analysis used by the Hadley Centre for Climate Prediction and Research of the UK Meteorological Office (Ward & Folland, 1991). This method was calibrated using average values of eigenvectors of sea-surface temperature anomalies in the Pacific and Atlantic Oceans for months preceding the wet season, November to January, to produce forecasts of seasonal ‘regional rainfall’ anomalies, February to May. The forecasts are issued as probabilities associated with seasonal rainfall anomalies falling in five pre-defined categories. The resampling procedure was applied to produce estimates of runoff at Piancó Basin and estimates of rainfall at the basin and the local scales. The methods employed in this study were calibrated for 1912-1963 and successfully validated for 1964-1988.

Results and discussion

Fig. 2 illustrates the forecast for the regional rainfall in categorical form. The category of highest forecasted probability is assumed to be the ‘forecast’; the ‘observed’ category that containing the seasonal rainfall actually recorded. According to this criterion, in 48% of the years the forecasted and observed rainfall fell into the same category and in 22% they fell in neighbouring categories, totalling 70%. In only 8% of the cases was an extreme category predicted as the opposite one. This kind of representation loses important information regarding the probability distribution around the ‘forecast’ category. A fuller, although less clear description, is given by the ranked probability scores (RPS), defined above and shown in Table 1.

The accumulated dilution of the value of forecasts resulting from conversion of regional rainfall forecasts to runoff sequences and to rainfall at the basin and the local scales is evident from Table 1. Comparison of their skill for regional rainfall with that of basin and local rainfall shows that the value of forecasts diminishes as the information is disaggregated to a smaller scale; and it also diminishes as information is transferred to another variable, as in the case of runoff volumes derived from rainfall.

The forecasts at the regional scale coupled with forecasts at the sub-regional or basin scale can be very useful for decision making at governmental and institutional level. Their skill is sufficient to provide information for early estimation and warning of failures of catchment systems over wide areas, identifying regions which are threatened by water scarcity and prompting alleviation actions. Currently, these forecasts are already employed to estimate crop production and the needs for emergency water supply in the region. However, as pointed out by Hulme et al. (1992), on the impacts of seasonal forecasting for Africa, improvements in institutional efficiency and interaction will need to be made before more benefits of the forecasts can be realised.

The forecasts at the basin scale are also potentially important for reservoir management. For example, runoff between February and May is 94% of the total annual runoff from the Piancó Basin. Therefore, if it were possible accurately to forecast runoff during these periods, difficulties of reservoir operation would largely disappear. Is the forecast skill of basin runoff, as shown in Table 1, sufficient to achieve this goal? Galvão et al. (1999) evaluated these runoff forecasts for the operation of a reservoir located downstream of Piancó Basin. The average shortage for 1979-88 was reduced in about 30% when forecasts were used. However, for the most critical period, 1983-84, there was not significant improvement in the operation. One of the possible reasons for the small gain in 1983-84 lies, perhaps, in the fact that the reservoir is interannual, so that single-season forecasts are of lesser value. If this is the case, methods giving forecasts over a longer period, but with less skill, may be useful, perhaps to indicate trends two or three years ahead. A combination of these two types of information can potentially increase the benefits for interannual reservoirs like those of the Nordeste.

Forecasts at the local scale, aiming at the management of individual micro-catchment systems, are yet to be assessed in the way used for reservoir operation. However, the convective rainfall in the region, highly variable within small areas, prevents much hope for forecasts sufficiently skilful for this purpose. Forecasts at this scale are likely to be of more help for early warning at the sub-regional level, when coupled with the more skilful regional and basin forecasts. For example, disaggregation of regional rainfall to a number of sites within a sub-region could provide maps of estimates of the spatial variability over the area. In another application, time series of water shortage can be generated by simulation of behaviour of micro-catchment systems of various types subjected to the historical records of rainfall at several sites in a sub-region. These series would be resampled in the same way as done for the runoff time series, producing estimates of water shortage at individual sites, which could be subsequently mapped to the sub-region.

Conclusions

Seasonal rainfall forecasts expressed in probabilistic form can be successfully disaggregated from a regional scale to a basin or local scales by means of resampling methods. Forecasts of related variables, such as river runoff, can also be produced using the same approach. The analyses performed for the Brazilian Nordeste show that forecast skill decays as the scale becomes smaller and that forecasts are still of limited use for the management of individual micro-catchment systems. They can be immediately useful, however, for regional early warning applications, as well as for larger rainwater catchment systems management, such as large reservoirs.
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Figure 2. Forecasts for regional rainfall: the category to which the forecast attributed the higher probability was assumed to be the best estimate. Categories are defined as in eqn. (1). For example, category 5 is that of highest seasonal rainfall (Q > (0.8).

Table 1. Performance measures for evaluating the forecasts: ranked probability score (RPS) and its reference (RPSref), averaged over 1912-88, and skill score (for definitions of RPS and skill score, see text).

Predictand
RPS
RPSref
Skill (%)

Regional rainfall
0.63
0.88
29

Basin rainfall
0.71
0.85
16

Local rainfall
0.72
0.81
11

Basin runoff
0.76
0.84
10
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Figure 1. The ‘north of Nordeste’.
_946207675.unknown

_946207730.unknown

_946209336.unknown

_946209720.unknown

_946212519.unknown

_979061623.xls
Chart3

		1912		1912

		1913		1913

		1914		1914

		1915		1915

		1916		1916

		1917		1917

		1918		1918

		1919		1919

		1920		1920

		1921		1921

		1922		1922

		1923		1923

		1924		1924

		1925		1925

		1926		1926

		1927		1927

		1928		1928

		1929		1929

		1930		1930

		1931		1931

		1932		1932

		1933		1933

		1934		1934

		1935		1935

		1936		1936

		1937		1937

		1938		1938

		1939		1939

		1940		1940

		1941		1941

		1942		1942

		1943		1943

		1944		1944

		1945		1945

		1946		1946

		1947		1947

		1948		1948

		1949		1949

		1950		1950

		1951		1951

		1952		1952

		1953		1953

		1954		1954

		1955		1955

		1956		1956

		1957		1957

		1958		1958

		1959		1959

		1960		1960

		1961		1961

		1962		1962

		1963		1963

		1964		1964

		1965		1965

		1966		1966

		1967		1967

		1968		1968

		1969		1969

		1970		1970

		1971		1971

		1972		1972

		1973		1973

		1974		1974

		1975		1975

		1976		1976

		1977		1977

		1978		1978

		1979		1979

		1980		1980

		1981		1981

		1982		1982

		1983		1983

		1984		1984

		1985		1985

		1986		1986

		1987		1987

		1988		1988



Obs

Forecast

4

2

5

3

1

1

1

1

3

3

5

4

3

3

1

5

4

5

5

5

5

4

3

4

5

5

4

4

5

1

3

1

1

4

4

4

1

1

1

1

1

1

3

4

5

4

5

5

1

5

3

5

2

5

3

3

5

5

1

1

1

1

1

4

2

3

5

5

1

5

5

5

2

4

3

3

4

4

1

3

2

5

1

2

2

1

3

3

3

3

4

4

1

1

2

1

3

1

5

5

2

3

5

3

5

5

4

3

2

1

5

5

4

4

3

5

1

1

4

4

2

3

5

5

5

5

4

5

3

4

4

1

3

1

1

1

2

1

1

1

1

5

1

1

5

1

5

5

5

5

3

1

4

1



LDANOBR1

		Caso		Ano		Seleção		Ano		Obs		Forecast		P(D/G)		P(G/D)		2nd group		P(G/D)

		1		1911		NO		1911				3		0.2053		0.4689		2		0.2325

		2		1912		YES		1912		4		2		0.8585		0.2645		1		0.2599

		3		1913		YES		1913		5		3		0.9623		0.2816		4		0.2507

		4		1914		YES		1914		1		1		0.9263		0.2751		2		0.275

		5		1915		YES		1915		1		1		0.9817		0.2957		2		0.2866

		6		1916		YES		1916		3		3		0.7602		0.2894		2		0.2817

		7		1917		YES		1917		5		4		0.7283		0.3131		3		0.3056

		8		1918		YES		1918		3		3		0.6606		0.3062		2		0.2834

		9		1919		YES		1919		1		5		0.6901		0.3341		4		0.1956

		10		1920		YES		1920		4		5		0.6722		0.2379		2		0.228

		11		1921		YES		1921		5		5		0.824		0.4582		4		0.3081

		12		1922		YES		1922		5		4		0.9791		0.2748		5		0.2488

		13		1923		YES		1923		3		4		0.9032		0.3399		5		0.2684

		14		1924		YES		1924		5		5		0.0012		0.9034		4		0.0869

		15		1925		YES		1925		4		4		0.3565		0.4322		3		0.2415

		16		1926		YES		1926		5		1		0.4788		0.455		2		0.2776

		17		1927		YES		1927		3		1		0.9966		0.3312		2		0.2928

		18		1928		YES		1928		1		4		0.8405		0.2199		2		0.2181

		19		1929		YES		1929		4		4		0.9478		0.2548		5		0.2318

		20		1930		YES		1930		1		1		0.9677		0.384		2		0.3019

		21		1931		YES		1931		1		1		0.1528		0.6951		2		0.2315

		22		1932		YES		1932		1		1		0.2969		0.4008		2		0.3048

		23		1933		YES		1933		3		4		0.9703		0.2603		3		0.2371

		24		1934		YES		1934		5		4		0.5912		0.3991		5		0.2832

		25		1935		YES		1935		5		5		0.0917		0.7439		4		0.2094

		26		1936		YES		1936		1		5		0.7281		0.2448		2		0.2214

		27		1937		YES		1937		3		5		0.7605		0.3079		4		0.2026

		28		1938		YES		1938		2		5		0.8299		0.2319		4		0.2201

		29		1939		YES		1939		3		3		0.9469		0.244		4		0.2278

		30		1940		YES		1940		5		5		0.7451		0.2746		2		0.2099

		31		1941		YES		1941		1		1		0.547		0.5489		2		0.2822

		32		1942		YES		1942		1		1		0.1349		0.6798		2		0.2337

		33		1943		YES		1943		1		4		0.5557		0.3449		3		0.3192

		34		1944		YES		1944		2		3		0.9262		0.2754		2		0.2649

		35		1945		YES		1945		5		5		0.963		0.285		4		0.2661

		36		1946		YES		1946		1		5		0.9185		0.2643		4		0.2432

		37		1947		YES		1947		5		5		0.938		0.2715		4		0.2514

		38		1948		YES		1948		2		4		0.9277		0.2393		3		0.2257

		39		1949		YES		1949		3		3		0.9352		0.2893		4		0.2605

		40		1950		YES		1950		4		4		0.743		0.3728		5		0.2928

		41		1951		YES		1951		1		3		0.0619		0.5115		2		0.2308

		42		1952		YES		1952		2		5		0.7554		0.3218		4		0.2037

		43		1953		YES		1953		1		2		0.873		0.2935		1		0.2928

		44		1954		YES		1954		2		1		0.5744		0.3884		2		0.3073

		45		1955		YES		1955		3		3		0.8377		0.2975		4		0.2876

		46		1956		YES		1956		3		3		0.055		0.5374		4		0.2692

		47		1957		YES		1957		4		4		0.8149		0.3126		3		0.2866

		48		1958		YES		1958		1		1		0.2169		0.6571		2		0.2463

		49		1959		YES		1959		2		1		0.509		0.5557		2		0.2854

		50		1960		YES		1960		3		1		0.9442		0.3551		2		0.3024

		51		1961		YES		1961		5		5		0.7475		0.2436		2		0.22

		52		1962		YES		1962		2		3		0.9136		0.3		4		0.2635

		53		1963		YES		1963		5		3		0.9777		0.292		2		0.2454

		54		1964		NO		1964		5		5		0.0275		0.832		4		0.1199

		55		1965		NO		1965		4		3		0.4997		0.4005		2		0.245

		56		1966		NO		1966		2		1		0.2138		0.6671		2		0.2452

		57		1967		NO		1967		5		5		0.8497		0.4739		4		0.2752

		58		1968		NO		1968		4		4		0.9746		0.303		3		0.2398

		59		1969		NO		1969		3		5		0.2903		0.4075		1		0.1887

		60		1970		NO		1970		1		1		0.4226		0.5604		2		0.2842

		61		1971		NO		1971		4		4		0.2867		0.3811		3		0.3458

		62		1972		NO		1972		2		3		0.3421		0.4456		4		0.2545

		63		1973		NO		1973		5		5		0.0164		0.7843		4		0.0998

		64		1974		NO		1974		5		5		0.0041		0.5053		4		0.4391

		65		1975		NO		1975		4		5		0.6235		0.3882		4		0.3677

		66		1976		NO		1976		3		4		0.0822		0.4661		3		0.3123

		67		1977		NO		1977		4		1		0.3287		0.6242		2		0.2629

		68		1978		NO		1978		3		1		0.8254		0.4291		2		0.2942

		69		1979		NO		1979		1		1		0.9479		0.3722		2		0.3033

		70		1980		NO		1980		2		1		0.8153		0.45		2		0.2957

		71		1981		NO		1981		1		1		0.5663		0.4321		2		0.3062

		72		1982		NO		1982		1		5		0.8814		0.309		4		0.2255

		73		1983		NO		1983		1		1		0.0453		0.6284		2		0.2285

		74		1984		NO		1984		5		1		0.6421		0.2495		2		0.2475

		75		1985		NO		1985		5		5		0.2314		0.6729		4		0.2483

		76		1986		NO		1986		5		5		0.7441		0.517		4		0.2751

		77		1987		NO		1987		3		1		0.3342		0.467		2		0.269

		78		1988		NO		1988		4		1		0.065		0.3619		5		0.2851
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