Hydrological Extremes: Undersianding, Predicting, Mitigating (Proceedings of IUGG 99 Symposium {151, 81
Binmingham, July 1999). 1AHS Publ. no. 255, 1999,

Dependence of the frequency and magnitude of
extreme floods in Costa Rica on the Southern
Oscillation Index

IRINA KRASOVSKAIA

Departnent of Earth Sciences, University of Uppsaia, Villavigen 16, §-75236 Uppsala,
Sweden

e-mail: irina.gottschalk@hoganas.mail telia.com

LARS GOTTSCHALK
Department of Geaphysics, University of Osio, PO Box 1022 Blindern, N-0315 Oslo, Nerway~

ALEXIS RODRIGUEZ & SADI LAPORTE

Deparmment of Basic Studies, Instituto Costarricense de Electricidad, Apartado 10032,
1000-5an José, Costa Rica

Abstract For the Caribbean and Central America, the positive values of the
Southern Oscillaiion Index (SOI) are generally associated with drought and
the negative ones with excess rainfall. For hydropower, as well as for many
environmental problems, the existence of non-stationarity in the extreme
evenis is of prime importance. The effect of the Southern Oscillation,
described by SOI, on the frequency and magnitude of extreme floods in Costa
Rica is investigated by applying a partial duration approach to the total of
91 mean daily runoff series. Statistical analyses of these data indicated that, in
the majority of the cases, an assumption of randomness, widely used in
operational extreme value analyses, is violated. The analysis of the extensive
data sample indicates dependence between the frequency of extreme flood
evenis and the SOI anomalies, while no clear connection can be noted for the
magnitude of the extreme floods.

INTRODUCTION

The Southern Oscillation Index, SOI, which is a standardized difference of the
atmospheric pressures of Tahiti and Darwin, is commonly used as an indicator of
atmospheric-ocean conditions in the South Pacific. Strengthening of the currents along
the western coast of South America and deviations from usual circulation patterns of
ocean water in the region are usually associated with negative anomalies of SOI
(El Nifio vears). Disturbances in the circulation patterns are also observed during years
with positive anomalies of SOI (La Nifia years). The effect of the El Nifio Southern
Oscillation (ENSQO) on the runoff in different parts of the world has attracted much
attention during recent years (e.g. Webb & Betancourt, 1992; Eltahir, 1996; Ely ef a/.,
1994; George ef al., 1998). A common conclusion drawn is that runoff behaviour
during the ENSQO years is different compared to the “normal” years.

Costa Rica, like many other countries in the humid tropics, depends largely on
hydropower, which represents more than 60% of its total power production. In this
context, effective reservoir operation schemes are of prime importance. Such schemes
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are developed on the basis of historical runoff and precipitation records. A required
frequency of extreme events is obtained from a probability distribution fitted to the
observed data. An important assumption made is that the extreme events are
independent and random, i.c. the fitted probability distribution is valid for the whole
period of observations. Meanwhile, many studies all over the world have shown
considerable effects of climate variability on hydrological variables on monthly and
annual time scales (e.g. Nemec & Schaake, 1982; Ojo, 1989; Amell er af., 1990;
Krasovskaia & Gotischalk, 1992, 1993; Wateren-De Hoog, 1995; Krasovskaia &
Salthun, 1997). Poveda & Mesa (1697), for example, explained changes in the number
of storms, causing extreme floods in northern regions of South America, by the ENSO-
triggered displacements of the mter-tropical convergence zone (ITCZ). Hastenrath
(1990} noted the effect of ENSO on the river flow of the same region. George ef ol
(1998), analysing the annual streamflow from six Costa Rican basins, noted an ENSO
signal, especially for the basins of the Pacific slope.

While for some practical problems in water resources engineering, the assumption
of randomness of extreme events may still be a useful operational tool, in the context
of extrermne floods such a simplification might have serious drawbacks. For example,
Webb & Betancourt (1992) noted an increase in flood magnitudes during El Nifio
years, which resulted in the changed magnitude value for the 100-year flood.

In many cases, the shortness of hydrological observation sertes hampers a strict test
for randomness. A regional approach with respect to extreme floods might be useful in
this case. In a sample of regional data of extremes, the probability of observing an
extreme value with a return period larger than the number of observation years is also
much greater than that of individual series, which affects the design values. For
example, using a regional exceedance probabilities approach (Gottschalk, 1989),
Krasovskaia & Gottschalk (1993) have shown a considerable change in the magnitudes
of the 100-year flood during different climatic conditions for regionalized runoff data
for Scandinavia. Bradley (1998) applied a regional approach to test the null hypothesis
of randomness over secular time scales for runoff data for the Southern Plains, USA.

In this study, an extensive sample of runoff observations for Costa Rica is first
investigated with respect to randomness and independence of extreme flood events,
The analyses were performed for both individual series and regional data. This
investigation is followed by a study of eventual relationships between the anomalies in
SOI and exfreme runoff values in terms of changed frequencies and magpitudes of
extreme floods,

DATA USED

The data used in the study are represented by 91 series of daily runoff with at least
10 and on the average 20 years of records. The series are the longest available for
Costa Rica, cover the whole country and are representative for a variety of altitudes
on both sides of the cordillera dividing the basins inte these of the Pacific and
Caribbean slopes. Differences in precipitation pattems between the Pacific and
Caribbean sides (see e.g. Hastenrath, 1967, Waylen et o/, 1996) call for a
subdivision of the runoff sample into two subsets: one for the basins of the Pacific
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and the other for the Caribbean slopes. Four different data subsets have been created
from these initial series: two annual maximum series {AMS) and two partial duration
series (PDS) for the Pacific and Caribbean slopes, respectively. To obtain on the
average the same number of extreme e¢vents per year in partial duration series, a
threshold of three standard deviations above the daily mean runoff has been used for
extracting PDS. The average number of extreme events per year obtained in this way
equalled four. The chosen threshold level proved to be useful in connection to
studies of extreme flood events (e.g. Krasovskaia & Gottschalk, 1993). Rosbjerg &
Madsen (1992} confirmed that this threshold level ensures that the extracted peaks
are true extreme events.

ARE EXTREME RUNOFF EVENTS IN COSTA RICA RANDOM AND
INDEPENDENT?

As noted earlier, randomness and independence of extreme events is the assumption
involved in operational estimation of design values. To test the validity of this
assumption for the Costa Rican sample, the annual maximum and partial duration
series have been subjected to a number of statistical analyses. These analyses included
a run test, a reverse arrangement test, a trend test and an autocorrelation test (Andersen
lag-one autocorrelation test). All these tests are relatively well-known methods and
their description can be found in standard textbooks of statistics (e.g. Kendall ef al.,
1983; Stuart & Ord, [987). In addition, a “many outlier” test (Rosner, 1977} was
carried out. This latter test is important for a correct interpretation of the results of tests
that are sensitive to outliers in data. Positive outliers are very common in runoff data
for humid tropics where, for example, tropical storms are frequent. Many such outliers
have been detected in the PDS and AMS series already by a simple visual analysis.
Here this result was confirmed also by the statistical test.

The tests have been carried out first for the individual series in the PDS and AMS
subsets for the Pacific and Caribbean. The following null hypotheses were tested:
— Raun test, reverse arrangement test: HO—serics is random;
—  Trend test: HO—there is no trend (slope coefficient is equal to zero), and
—  Autocorrelation test: HO—there is no autocorrelation (lag-one autocorrelation

coefficient is equal to zero).

Table | offers a summary of the results obtained in the above tests.

Table T Results of statistical tests for individual series.

Series HO rejected (% of cases)

Test Run Reverse Trend Autocorrelation
arrangement

Pacific PDS 6t 72 76 15

Caribbean PDS 56 80 80 20

Pacific AMS 55 84 68 20

Caribbean AMS 606 82 68 20

5% significance.
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Examining the values in Table 1, it can be seen that the results are well in
agreement between the two data subsets. The hypothesis of randomness can be rejected
for the majority of the series, while that of independence could not. However, only the
run and autocorrelation tests are not sensitive to the presence of outliers. Statistically
significant outliers have been found in about a half of the series where the nuil
hypothesis has been rejected in the trend test. The presence of big positive outlier
values in the series obviously influences this result, which should be treated with
caution. The same concermns also the results of the reverse arrangement test. The
general conclusion that can be drawn is that there is an indication of non-randomness
in the examined series.

The tests above have been applied also to the regional AMS samples for the
Pacific and Caribbean. The hypotheses tested were as before. Table 2 offers the results
of the tests for the mean, median, 25 and 75 percentiles, minimum and maximum
values. It is seen that for regional data the results are more heterogeneous. For the
mean, median, 75 and 25 percentile values the null hypothesis was rejected in the
majority of cases by the run, reverse arrangement and trend tests, while it was not
rejected by the autocorrelation test. No significant outliers were detected in the samples
of regional data.

For the minimum values the results do not allow a conclusion to be made about the
randomness assumption, while for the maximum values the null hypothesis was
accepted by both the run and reverse arrangement tests. At the same time the null
hypothesis was rejected both for mimimum and maximum values by the trend test. The
null hypothesis was rejected by the autocorrelation test for the minimum for both
samples, while for the maximum it was rejected only for the Pacific. Though the signal
in case of regional data is not that strong, it still indicates that the assumption of
randomness might be questioned for all, but maximum and minimum, statistics of
AMS for regional sampies.

Table 2 Results of statistical tests for regional samples.

Test Run Reverse Trend Autocorrelation
arrangement
Pacific:
Mean NR R R NR
Median R R R NR
25% NR R R NR
75% R R R NR
Minimum R R R R
Maximum NR R R R
Caribbean:
Mean R R R NR
Median NR R R NR
25% NR R R NR
75% R R R NR
Minimum NR R R R
Maximum NR NR R NR

5% significance;
NR— H0 is not rejected; R—HO 1s rejected.
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FREQUENCY OF EXTREME RUNOFF EVENTS AND SO!

The statistical tests allowed questicning of the assumption of randomness, common in
the analysis of extreme values. There can be different reasons, both natural and man-
induced, behind this non-random behaviour of the series studied. Here we will
investigale whether the Southem Oscillation is one of these reasons. The general
regional response within Central America and the Caribbean is decrease of
precipitation during El Nifio years and excess rains during La Nifia years (see, for
example, Ropelewski & Halpert, 1987). Such a pattern in a temporal precipitation
distribution can be expected to influence also runoff distribution patterns. An influence
of ENSO was noted for flood magnitudes on the Nile River (Eltahir, 1996) and Santa
Cruz River, Arizona, (Webb & Betancourt, 1992}.

A recent study of annual runoff in six Costa Rican river basins (George et al.,
1998) demonstrated a rather complex spatial response to the ENSO. For the much
larger data sample of AMS for Costa Rica used here, this response proved to be rather
weak. Figure 1(a) and (b) shows the AMS statistics for regional data samples for the
Pacific and Caribbean (for the years with at least 10 stations in operation, 1970-1996)
and SO1. A visual inspection of the Figures suggests no clear relationship, although
some harmony between the statistics shown in Fig. [{b) and SOI can be noted from
1980 and onwards. The correlation coefficient proved to be in general negative but
rather low for all regional statistics, with somewhat higher values for the Pacific region
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Fig. T Relationship between the statistics for regional samples of annual maximum
runoff series (AMS) and SOI for basins of (a) the Pacific and (b} the Caribbean
slopes of Costa Rica.
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{=-0.5) compared to the Caribbean (=4.3). For individual series on the Pacific side the
correlation coefficient varied from —-0.6 to 0.0; and for the Caribbean side from
—0.4t00.2.

The extreme flood events have been analysed here also on the partial duration
series. In case of PDS a convenient mathematical model is obtained by using the well-
known theory of Poisson processes. This approach has been widely used in studies of
extreme floods (e.g- Rosbjerg, 1985; Rasmussen & Rosbjerg, 1989; Krasovskaia &
Gottschalk, 1993). Applying this theory and assuming that individual peaks follow an
exponential distribution with a parameter o (the mean magnitude of floods} the
exceedance probability of floods follows a Gumbel distribution, where the parameters
are the frequency of floods, A and o The resulting equation for the cumulative
distribution function for the extreme flood z has the following form:

F() = exp{- exp[- —ﬂ]} 1)

o

The PDS, created as described earlter, have been used to calculate the frequency
and mean magmiude of exireme floods in Costa Rica. Table 3 offers the obtained
values for El Nifio and La Nifia years for the basins of the Pacific and Caribbean,
respectively. For comparison, the corresponding values for “normal” years and the
averages for the whole period (1950--1996) are given as well. Figures 2 and 3 illustrate
the relationship between the frequency and magnitude of floods and the SOI for the
same period. The magnitude values are given in relation to the long-term mean for a
respective station.

Examining the frequency values, A, a clear difference in the frequency of extreme
flood events between El Nifio and La Nifia yvears can be noted. During the latter years
this frequency increases by 65% compared to the “normal” years for the Pacific basins.
For the Caribbean sample this increase is marginal. A decrease in the frequency of
extreme flood events during El Nifio years compared to the “normal™ ones is more
similar for the Pacific and Caribbean basins, being about 30%.

The values of flood magnitudes, o, for the Pacific and Caribbean basins for the
“normal” and La Nifia years are very close, with only a slight increase (8 and 13%,
respectively) during the latter. The difference in the magnitude of floods between
El Nifio and “normal™ years is also far less dramatic than for the frequencies. For the
Pacific basins there is a small decrease of about 8% and for the Caribbean, the
magnitude changes only marginally.

A general conclusion that can be drawn 1s that while the Southern Oscillation
signal is strong for the frequencies of extreme flood events, it 18 much less pronounced
for the flood magnitudes. The frequencies of extreme flood events proved to be much
higher during La Nifia years, especially for the Pacific sample, and lower during

Table 3 Frequency and magnitude of extreme floods for E1 Nifio and La Nifia years.

Parameters  Frequency, A Magnitude, o
Years ElNifio LaNifia Normal Average El Niio LaNifia  Normal Average
Pacific 24 6.1 37 39 0.874 1.029 0.955 0.945

Caribbean 2.8 43 4.2 4.0 0.986 1.050 0.962 1.000
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ElNifio years for both samples, while the magnitudes of floods experienced only
relatively small changes. However, due to the increased number of extreme flood
events, the probability of observing floods of large magnitudes augments during La
Nifia years. Krasovskaia & Gottschalk (1993) studying repionalized Scandinavian
runoff reported a similar difference in the response of the frequencies of extreme flood
events and their magnitudes to a climatic signal and noted an increase of a 100-year
flood by 5 to 20%.

Tropical cyclones generate a significant part of the extreme flood events in Costa
Rica, as well as in Ceniral America in general. A simple inventory of the frequency of
tropical storm events in Costa Rica during the same time period (1950-1996) shows an
increase during La Nifia years by about 70% compared to the “normal” years. This
might be one of the main reasons for the increased frequency of extreme flood events
in the country. On the other hand, during Ei Nifio years this frequency drops by about a
half, which is also reflected in the lower frequency of extreme flood events.

CONCLUSIONS

The results of the study provided an indication that the assumption of randomness of
the extreme flood values can be questioned for the majority of individual PDS and
AMS series for Costa Rica. Non-randomness of the extreme flood series violates the
assumption of randomness widely used operationally. This fact necessitates an
adaptation of the procedures by, for example, dividing the sample info homogeneous
populations, satisfying the randomness and independence assumption. A point of
departure to identify such homogeneous populations is a thorough investigation of the
reasons for non-randomness.

The randomness hypothesis has been rejected for the mean, median, 75 and 25
percentile values in the majority of cases also for the regional AMS. The samples for
the Pacific and Caribbean slopes performed similarly in cases of these statistics.
However, for maximum and minimum the results did not allow any definite
conclusion. The tests did not give reason to doubt the assumption of independence,
either in the case of PDS or in the case of AMS series (individual and regional), with
the exception of the minimum.

Many studies pointed out a climatological signal to be one of the reasons behind
the non-random behaviour of extreme flood events. The influence of one of the
strongest climatic signals in the region viz. the Southern Oscillation, described by SOI,
has been investigated here. The study has shown a considerable difference in the
frequencies of extreme flood events during La Nifia and El Nifio years for both Pacific
and Caribbean basins. The magnitudes of extreme floods seem to be less sensitive to
this signal. The drastically increased frequency of extreme flood events during La Nifia
years in the Pacific basins augments also the probability of observing extreme floods of
large magnitudes there. A noted increase in the frequency of tropical storm events
during La Nifia years can be one of the reasons for this. On the contrary, during El
Nifio years this probability is lower due to the decrease of the frequency of extreme
floods. The frequency of tropical storin events in the area of study proved to be lower
during these years. Such changes in the frequency of extreme flood events are bound to
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affect the return periods for the design values obtained assuming the same distribution
function for the whole series.

Heterogeneity in space can be still another reason for the noled non-randomness.
Here, as a first step, the sample has been subdivided into two regional subsets, based
on the main precipitation patterns. In a study of the ENSO effect on annual mnoff on a
limited data sample for Costa Rica (George er af., 1998) altitude of a basin has been
suggested to be of importance. The study is continued in order investigate a necessily
of a further subdivision induced by other factors, for example physiography.
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Abstract Trend analysis was carried out for time series of annual and
seasonal extremes at 65 unregulated discharge stations in Sweden. The
stations are clearly not independent, as shown by the occurrence of large
floods in many basins at the same time. Neither the results from statistical
trend tests nor visual inspection of the data suggest any change in flood
frequency. Furthermore, the end period, 1993, was not chosen arbitrariky,
since the reason for initiating this study was the many observed floods in
recent years.

INTRODUCTION

'Floods and droughts cause more damage and kill more people than any other natural
disaster (Rodda, 1995}, Many floods have occurred during the 1980s and 1990s, both
in Sweden and worldwide (see e.g. WMO, 1995). Some possible causes of a change in
flood frequency could be changes in climate, land use or water resources management.
In Sweden, systematic discharge recording has taken place since 1807 when the first
station was established. The objective of this paper is to search for possible flood
trends in Sweden, and put floods in recent years into perspective.

METHODS AND SELECTION OF DATA

A national database was compiled for analysis of floods in Sweden. Only unregulated
stations of good quality and at least 50 years of recording were selected. The data are
generally fairly reliable. There are nevertheless many problems, which could affect the
results, such as changes in observation frequency, ice jamming, missing or erroneous
observations etc. Extreme floods are particularly uncertain due (o extrapolation of the
rating curve. Before 1970 almost all readings were made manually, usually once a day,
but at some lake outlets readings were made every two or three days, or even once a
week, The observation frequency was not always constant between years, not even
during a year. The observations have usually been connected by linear interpolation,
which underestimates the peak values. Today almost all stations have automatic
gauges, giving daily mean flow records. The effect of this inconsistency was studied
by resampling the maost recent period with complete data for 10 of the lake stations,
with a frequency typicatl for earlier years with sparse observations. The results showed
that this is not a major problem, with an average bias in annual maxima of about 2%
for the particular basins. However, a few stations were excluded due to this problem.

In addition to visual inspection of the daily discharge data, some simple methods
for quality control were tested for selected stations of good quality, using the period
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1976-1995. Polynomial interpolation was found to be useful for this purpose. The idea
is that a good observation series is smooth in the sense that each value should fit to a
curve through its neighbours. For this purpose Nevilie’s algorithm, based on
Lagrange’s interpolation formula, was used (see Press et al., 1992). For each day a
polynomial was fitted through the two observations on each side. The use of four data
points corresponds to a cubic polynomial. In general, higher order polynemials should
be avoided (Press et al., 1992).

Missing or obviously erroneous observations were estimated or corrected by the
same method. The maximum time lengths for this were kept short {Table i), With
these time lengths gaps could be filled in with an efficiency of 99% on average for
10 tested basins with pelynomial interpolation and 98% by linear interpolation. The
efficiency was measured by R (Nash & Suicliffe, 1970) only for the independent
ohservations (Fig. 1) which were not used for estimation of the polynomials. More
important is that the bias in annual peak values was only -1% by polynomial
interpolation but 6% by linear interpoiation. Thus, polynomial interpolation was
better than simple linear interpolation, at least for sufficiently short observation gaps. it
was as good as cubic splines (see Press er al., 1992), which were also fested. It was
therefore also used for reinferpolation of old linear interpolations (Fig. 1), further
reducing the bias due to the sparse observation frequency, which was used carlier.

Table 1 Maximum length of periods with old linear interpolations, which were re-interpolated by the
polynomial interpolation, or imssing dala which were filled in,

Autocorrelation in O 19761993 Number of days

>(.998
0.995-0.998
0.990-0.995
0.980-0.990
0.970-0.980
<0.970

C ome L Lh =] D

The final database consisted of 65 stations, covering a total of 4693 station years,
with an average of 72 years. The full data set was divided into a northern subset of
4] stations and a southern subset of 24 stations, with the River Dalidlven as the
dividing line. The data were divided into calendar years, not into hydrological years.
Lindstrém (1993) made a division into hydrological years but found that it had little
influence on the results. The series were further divided into spring floods: 1 January—
31 July, and autumn floods: 1 August-31 December. The spring floods are primarily
snowmelt-induced floods and autumn floods are primarily due to ramfall. Series of
anmal and seasonal exiremes were extracted and normalized to index floods by
dividing each value by the average for the whole period.

Trends were searched both by studying time series plots and by statistical tests.
The 60 years 1936-1995 were chosen as the reference period. The statistical tests were
only carried out for a subset of 26 stations (Fig. 2), which were in operation during the
whole period. Trend analysis was performed with a common confidence level of 95%.
Two methods were used: a distribution free test, and regression. The distribution free
test, here called the K-test, is based on ranks and is a modified form of Kendall’s tau-






