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Abstract. Hydrologists have traditionally assumed that the annual maximum flood
process at a location is independent and identically distributed. While nonstationarities in
the flood process due to land use changes have long been recognized, it is only recently
becoming clear that structured interannual, interdecadal, and longer time variations in
planetary climate impart the temporal structure to the flood frequency process at flood
control system design and operation timescales. The influence of anthropogenic climate
change on the nature of floods is also an issue of societal concern. Here we focus on (1) a
diagnosis of variations in the frequency of floods that are synchronous with low-frequency
climate state and (2) an exploration of limiting flood probability distributions implied by a
long simulation of a model of the El Nifio/Southern Oscillation. Implications for flood risk

analysis are discussed.

1. Introduction

The assumption that annual maximum floods are indepen-
dent and identically distributed is central to most flood fre-
quency and risk analyses. While the role of urbanization in
changing flood frequency has long been recognized, it is only
recently that the influence of the slowly changing climate on
flood frequency has attracted interest [e.g., Booy and Morgan,
1985; Robson et al., 1998; National Research Council, 1998,
1999; Olsen et al., 1999; Jain and Lall, 2000; Walker and
Stedinger, 2000]. In this paper, we consider the potential impact
of quasiperiodic interannual and interdecadal variations in cli-
mate (e.g., the El Nifio/Southern Oscillation) on flood fre-
quency. Anthropogenic factors are not considered.

The El Nifio/Southern Oscillation (ENSO) represents the
dominant coupled ocean-atmosphere mode of the tropical Pa-
cific [Cane, 1992]. The oceanic component of this phenome-
non, El Nifio, and its atmospheric counterpart, Southern Os-
cillation, exhibit covariability at 2 to 7-year timescales.
However, there have been substantial variations in ENSO fre-
quency, intensity, and duration over the last century. On inter-
annual timescales a significant fraction of the global climatic
variability can be associated with ENSO. In the Northern
Hemisphere winter, up to 30% of the observed variance of the
large-scale atmosphere circulation can be attributed to ENSO
[Horel and Wallace, 1981; Trenberth et al., 1998]. The global
impacts of ENSO primarily stem from the changes in the
strength and location of tropical Pacific convection that, in
turn, trigger changes in the global atmospheric circulation
[Cane and Clement, 1999]. The ENSO extreme phases are
often associated with major episodes of floods and droughts
le.g., Trenberth and Guillemot, 1996; Barlow et al., 2001] in
many locations worldwide. The Pacific Decadal Oscillation
(PDO), identified as the leading eigenvector of North Pacific
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sea surface temperature variability [Mantua et al., 1997], shows
marked low-frequency structure, with “regime-like” variations
at interdecadal timescales. ENSO and PDO are known to
modulate the temperature, precipitation, and streamflow pat-
terns across the United States [e.g., Cayan et al., 1999;
Ropelewski and Halpert, 1987; Dracup and Kahya, 1994; Mantua
et al., 1997; Gershunov and Barnett, 1998; Dettinger et al., 2000;
Rajagopalan et al., 2000]. The strength of these teleconnections
varies spatially and also over periods of decades [McCabe and
Dettinger, 1999; Cole and Cook, 1998; Mann et al., 2000]. The
inherent quasi-oscillatory nature of ENSO and PDO seen in
the instrumental record has been further substantiated by the
recent work based on long proxy climate records [D’Arrigo et
al., 1999; Urban et al., 2000]. This reinforces the view that
present and future hydroclimatic variations may be synchro-
nous with these key global climate indicators. However, there
is some debate as to whether ENSO and PDO are distinct
climate modes or are different space-time components of the
same low-frequency phenomena [Zhang et al., 1996, 1997; Bar-
low et al., 2001].

Interannual-to-interdecadal climate modes (ENSO and
PDO) may affect floods by markedly changing patterns of
atmospheric moisture transport in the flood season hence
changing the probabilities of floods in a given year at a partic-
ular location. Such changes may be reflected in corresponding
variations in the total snowpack and the storm rainfall and
duration, as well as antecedent soil moisture conditions. Some
of these connections were explored by Jain and Lall [2000]. If
such changes are quasiperiodic, then a flood record of suffi-
cient length (greater than the period of the oscillation) may
still accurately reflect long-term flood exceedance probabilities
that are used for flood control design. On the other hand, a
better understanding of the nature of the quasiperiodic varia-
tions in flood frequency or the clustering of major floods across
years may be of value for the operation of large multipurpose
reservoir systems. To this end some specific questions are as
follows.
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1. How can changes in flood frequency be quantified and
related to oscillatory modes (e.g., ENSO and PDO) of climate?

2. Is there evidence of interannual clustering in floods that
is related to an underlying slowly varying climate state?

3. Can an observational record of limited length be taken
to be representative of future flood sequences? What length of
record may be needed to accept the paradigm that the distri-
bution of floods is stationary?

4. What can we say about the long-term variations (greater
than the typical 3- to 7-year band quasiperiodic behavior) in
ENSO and their implications for floods? Can the previous 30
(N) years be considered representative of the next 30 (N)?

The seasonal hydrology of the Pacific Northwest region is
apparently well connected to both the PDO and the ENSO
[Cayan, 1996; Mantua et al., 1997]. We explore a data set from
the Pacific Northwest where the annual flood mechanism is
linked to large-scale atmospheric moisture flow rather than
dominated by local convection. We choose a relatively long
record (88-year-long flood record for the Similkameen River in
Washington), rather than a regional analysis, to illustrate ways
in which the temporal variations in flood frequency (and re-
sulting nonstationarity) can be diagnosed. This site is particu-
larly suited for a diagnostic study of the interannual-to-
interdecadal climate influences on flood magnitudes because
of its location in an ENSO- and PDO-sensitive region and a
long record with minimal flow regulation. Annual maximum
floods occur between late April and June and are predomi-
nantly due to snowmelt or rain on snow. Frontal winter/spring
precipitation is thus the source of floods providing a homoge-
nous record as far as the flood-generating mechanism. We also
consider a hypothetical situation for insights on limiting distri-
butions of floods under quasiperiodic climate variations, where
a flood series is presumed to closely follow the strength of
ENSO (as measured by the NINO3 index) constructed from an
110,000-year run with stationary forcing of the Zebiak and
Cane [1987] coupled ocean-atmosphere ENSO model.

2. Data and Site Information

The 1911-1998 record for annual maximum floods on
Similkameen River near Nighthawk, Washington (U.S. Geo-
logical Survey (USGS) station number 12442500), is listed as
minimally affected by diversions and human influences [Slack
et al., 1992]. The drainage area of this gauge is 9192 km? (3550
miles?). The USGS gauging station is located at 347 m (1138
feet) above the National Geodetic Vertical Datum. Similka-
meen River (gauge location of 48°59'05"N, 119°37'02"W) is
part of the upper Columbia River basin. The median flood for
the period of record is 456 m*/s (16,100 cfs) and the maximum
and minimum recorded floods are 1296 m?/s (45,800 cfs) and
134 m3/s (4750 cfs), respectively. The median date of the an-
nual maximum flood is May 28, with late April to late June as
the range of dates for the 88 years of record analyzed. The
highest (lowest) floods on record occurred in years with neg-
ative (positive) NINO3 and PDO indices. The flood data were
log transformed prior to all the analyses reported in this paper.

The NINO3 and PDO data sets were acquired from the
National Oceanic and Atmospheric Administration Climate
Prediction Center (ftp:/ftp.ncep.noaa.gov/pub/cpc/wd52dg/data/
indices/sstoi.indices) and the University of Washington (http:/
www.atmos.washington.edu/~mantua/abst.PDO.html), respec-
tively. The NINO3 index is computed as an average of sea surface
temperature over the eastern tropical Pacific (~5°S-5°N, 90°W-
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150°W). It is based on blended ship, buoy, and bias-corrected
satellite data. The PDO index is the leading eigenvector of North
Pacific sea surface temperatures. The interdecadal mode has
been emphasized by the presence of regime-like periods over the
instrumental record (1870-1889, 1890-1924, 1925-1947, 1948-
1976, and 1977-1990). For the analysis presented here, we have
used the average winter season (December-February) NINO3
and PDO anomalies.

A NINO3 index derived from an 110,000-year integration of
a coupled ocean-atmosphere model for ENSO [see Zebiak and
Cane, 1987; Cane, 1992; Clement and Cane, 1999] was also
used. The model run had stationary climate forcings, and
model results may be considered representative of the natural
variability of the coupled ocean-atmosphere system for the
tropical Pacific. The mean annual NINO3 index for the cou-
pled model run is 0.38 K. Annual average NINO3 index values
are used for the analysis in this paper.

3. Analysis

In this section we first analyze the historical flood record for
the Similkameen River and explore possible associations with
the large-scale climate indices. Next, we conduct a moving
window analysis of the flood record to examine the nonstation-
ary behavior and persistence of floods (across select quantiles)
in time. Since ENSO exhibits variations at multiple timescales,
a wavelet analysis is carried out to assess the nonstationary
structure of ENSO and its implications for the flood frequency
distribution. Finally, we assess the long-term variations in
ENSO using results from a coupled ocean-atmosphere model
of ENSO [Zebiak and Cane, 1987].

4. Similkameen River Floods: Variability
and Climate Connections

A 30-year period is often considered to represent the climate
of a region [Guttman, 1989]. It is also longer than the interan-
nual and interdecadal oscillatory variations of interest here.
We will consider it to be the shortest window over which to
assess the stationarity or variability of the flood and climate
records. The historical record of Similkameen River annual
maximum floods along with 30-year moving window means
(estimated using robust local linear regression [Loader, 1999])
of the flood series is shown in Figure 1a. There is considerable
year-to-year variability about the interdecadal variations seen
through the smoothed estimate. The 1950-1975 period re-
corded some of the highest floods for the Similkameen River.
The smoothed variations of the NINO3 and PDO over the last
century are shown in Figure 1b. Interestingly, the 1950-1975
period was marked by persistent negative anomalies for both
the NINO3 and PDO. These coincidental trends between the
Similkameen River high floods and the climate indices suggest
a possible influence of the large-scale climate on the flood
potential for the Similkameen River.

A correlation analysis suggests a statistically significant re-
lationship between Similkameen River annual maximum
floods and both winter (December—February) NINO3 and the
PDO indices. The null hypothesis that these correlations are
zero is rejected based on a two-sided ¢ test, since the proba-
bilities in favor of the hypothesis are 10~* and 2 X 1072,
respectively. These statistics are summarized in Table 1. The
reader may note from Table 1 that the partial correlations
[Conover, 1999, pp. 327-328] of flood flows with NINO3 and
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(a) Historical record (1911-1998) for the annual maximum floods on Similkameen River. (b)

Long-term variations in the key climate indices for the winter season (December—February): NINO3 (dashed
line) and Pacific Decadal Oscillation (PDO) (solid line). The 30-year smoothed estimates are based on robust
local regression [Hastie and Loader, 1993; Loader, 1999].

PDO, given the other variable, are also statistically significant,
suggesting that both the tropical and extratropical factors and
the different timescales of climatic evolution represented by
these indices are apparently important. The linkage of the
climate indices to floods becomes clearer upon examining the
NINO3 and PDO anomalies corresponding to the 10 smallest
and largest Similkameen River floods over the historical record
(see Table 2). Low (high) floods are highly favored in years
with positive (negative) NINO3 and PDO anomalies for the

December—February period. These results are consistent with
the observation of Cayan et al. [1999] that winters are dry and
warm in the Pacific Northwest during El Nifio years. Another
noteworthy aspect is that the climate indices used are averaged
over the December—February period, while the typical date of
flood occurrence is late May. Consequently, these correlations
suggest prospects for the seasonal prediction of flood risk.
Flood control managers are more interested in the behavior
of extreme floods than in the mean annual flood and its vari-
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Table 1. Correlation Between Similkameen River Annual
Maximum Floods (Log Transformed) and the Winter
(December-February) Climate Indices®

Climate
Index Correlation With Floods
NINO3 —0.39 (0.0001)
NINO3/PDO —0.27 (0.015)
PDO —0.44 (0.0001)
PDO/NINO3 —0.33 (0.001)

“The floods typically occur in late May. On the basis of a two sided
t test all correlations are significantly different from zero at the p =
0.05 level. Partial correlations computed as ry,, = (ry, — ryry.)/
V(1 -2 - ryiz) are shown for NINO3 (removing the effects for
PDO dependence) and PDO (removing the effects for NINO3 depen-
dence). The numbers in parentheses represent the p value for the null
hypothesis that a correlation is 0, based on a ¢ test with (n — 2)
degrees of freedom for the correlation and (n — 3) degrees of free-
dom for a partial correlation.

ations, so it is interesting to explore how the annual extremes
(flood quantiles) have varied at this site over the last century.
We approach this nonparametrically by considering the thresh-
old exceedance process (as a nonhomogeneous Poisson pro-
cess) and then estimating the time-varying rate of threshold
exceedance using a 40-year moving window. The thresholds
considered are four percentiles (90th, 67th, 33rd, and 10th) of
the data computed from the full 88-year record. On average,
these percentiles will be exceeded 10, 33, 67, and 90% of the
time. The time-varying (moving window) probability of ex-
ceedance of each threshold is estimated using a weighted local
regression of a binary (0, 1) annual threshold exceedance in-
dicator versus calendar year. The results are presented in Fig-
ure 2. The 1940-1970 period stands out as one in which the
frequency of exceedance of the entire flood distribution moves
toward higher exceedance probabilities. Interestingly, this is a
period when both the NINO3 and the PDO indices record a
persistent negative anomaly from their mean state (Figure 1b).
At this level of filtering the two climate indices evolve quite
coherently in time, suggesting that larger-scale low-frequency
dynamic variations in the climate system may be modulating
their state. Also, Mantua et al. [1997] note that there appears to
be a spatiotemporal coherence between ENSO and PDO
(however, the causal link is not clear). Consequently, the large-
scale Northern Hemisphere atmospheric circulation patterns
show associations with both the interannual (ENSO) and in-

Table 2. Statistics of PDO and NINO3
(December—February) Anomalies Corresponding to the 10
Smallest and Largest Floods Over the Similkameen River
Historical Record®

Ten Smallest ~ Ten Largest

Floods Floods
Median NINO3 anomaly 1.05 —0.42
Interquartile range NINO3 anomaly 1.09 0.56
Median PDO anomaly 1.18 —1.84
Interquartile range PDO anomaly 1.13 2.01

“Here we report the median (50th percentile) and interquartile
range (difference between the 25th and the 75th percentile) of the
climate indices. A “two-sided” ¢ test indicated that the null hypothesis
that the population means are the same during high and low flood
years was rejected for both NINO3 (p = 0.0003) and PDO (p =
0.0002).
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Figure 2. Trends in some key percentiles (10th, 33rd, 67th,
and 90th) of the annual maximum flood for the Similkameen
River. The trends were estimated nonparametrically using lo-
cal regression of a threshold exceedance process with a 40-year
window. The estimates near the ends of the flood record may
be discounted since they have higher variance. Dashed-dotted
lines represent the percentiles estimated from the full record
that correspond to the threshold exceeded. Changes in the
“spread” and monotonic trends in these percentiles reflect
changes in the underlying probability distribution as a response
multidecadal-to-secular forcings, which, in turn, may modulate
the interannual (e.g., El Nifio) modes.

terdecadal (PDO) modes of climate and influence the precip-
itation and temperature patterns over the continents. In the
context of the climate-flood connections, persistent ENSO and
PDO anomalies (as seen during the past century (Figure 1))
have the potential to (1) impart regime-like structure to the
flood record and (2) favor persistent flood anomalies (seen as
spells of high/low floods lasting over a long period). For the
Similkameen River the differences in the right (higher-
percentile thresholds) and left tail (lower-percentile thresh-
olds) of the flood distribution over different epochs (pre-1940
and post-1970) are also evident. The trends in the two tails are
of opposite sign in the pre-1940 period suggesting an increased
variance in the interannual flood process during that period.
Higher floods in the post-1940 period are consistent with the
1948-1976 PDO regimes identified from records. The 1940
switch in the flood and smoothed PDO and NINO3 trends has
also been noted for a number of other climate records [Ghil
and Vautard, 1991; Minobe, 1997; Jain et al., 1999]. Further, a
broad region across the United States (including the Pacific
Northwest) also shows spring temperature shifts consistent
with a larger-scale 50- to 70-year climatic variation [Minobe,
1997].
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Figure 3. Wavelet power spectrum for NINO3. The contour levels are chosen so that 75%, 50%, 25%, and
5% of the wavelet power is above each level, respectively. The cross-hatched region shows the cone of
influence, where zero padding has reduced the variance. Solid contours mark significant spectral power at the
10% level (with global wavelet spectrum as the background). On the right is the global wavelet power
spectrum (solid line). The dotted line is the 10% significance level for the global wavelet spectrum relative to
a red-noise background. Wavelet analysis is based on Torrence and Compo [1998].

5. Long-Term Variations in the Estimated
Flood Frequency Distribution

In the context of understanding the long-term variations in
flood frequency it is useful to understand the long-term mean
and distribution changes in key climate precursors (such as,
ENSO). ENSO is a quasiperiodic phenomenon originating in
the tropical Pacific, with marked periodicity on 2- to 7-year
timescales. Here, using wavelet analysis, we focus on the na-
ture of instrumental and model ENSO variations and their
time and frequency variations. Wavelet analysis [Kaiser, 1994;
Torrence and Compo, 1998] provides a means to decompose
the changing nature of oscillatory patterns as a function of
time. Thus we can diagnose how the higher-frequency struc-
ture of ENSO about the 30-year moving window mean shown
in Figure 1b is manifest as a function of time, without a priori
specification of the span of different moving windows to iden-
tify these variations. We first examine (Figure 3) how the
time-frequency structure of ENSO may have evolved over the
historical period. We note that the dominant frequency asso-
ciated with NINO3 has undergone changes over the period of
record, that is, 4-8 years during the pre-1920 period, 3-15
years during the 1920s-1940s, weak interannual activity during
1950-1970, and 2-8 years with an increase in the frequency
band to include longer-term variations in the post-1970 period.
This time variation of dominant ENSO frequencies has often
manifested as episodes of anomalous ENSO activity, like the
protracted 1991-1995 El Nifo event, the 1997 “El Nifio of the
century,” and the relatively inactive 1940-1970 period (clima-
tological variations and modest La Nifia events). As seen
through analysis presented in sections 3 and 4, the dependence
of floods on ENSO suggests that the long-term variations in
select climate precursors (we consider ENSO for our analysis)

will likely be mirrored as flood frequency fluctuations (often as
structured nonstationarities). Thus our exploratory under-
standing of the climate-flood relationships leads us to the fol-
lowing questions: (1) Is the historical record a representative of
the possible time-frequency fluctuations of the climate system?
(2) How informative are the limited-length flood records of
future changes in flood frequency?

As has been noted in recent studies, there is some question
whether the decadal-scale changes in the tropical Pacific
(changes in the ENSO frequency and amplitude) (1) are re-
lated to the North Pacific (associated with PDO) variations
[e.g., Gu and Philander, 1997], (2) reflect changes in the struc-
ture of the climate system [Trenberth and Hoar, 1996; Rajago-
palan et al., 1997], or (3) are natural modes of the climate
system. While these are open questions, it is useful to see what
may be indicated for long-term variations of hydroclimatic
extremes by a nonlinear, tropical ocean-atmosphere model
that specifically models ENSO dynamics. We used a 110,000-
year integration of the Zebiak and Cane [1987] (ZC) model of
ENSO under stationary climate forcing (no CO, changes, no
orbital effects, etc.) to explore the potential nature of long-
term variability of climate and how it may translate into non-
stationarity or long memory in the flood process. The ZC
model [Zebiak and Cane, 1987; Cane and Clement, 1999] pro-
vided the first long-range forecast of an El Nifio event and is
generally considered as having plausible physics for the multi-
scale feedback of the ocean and the atmosphere in the tropical
Pacific. The atmospheric and ocean components of the ZC
model are based on linear shallow water equations, and the
Kelvin and Rossby wave dynamics of the tropical Pacific rele-
vant to ENSO are modeled. The NINO3 index is derived from
these model runs as the average of the sea surface temperature
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Figure 4. (a) Time series for a 1000-year segment of NINO3 variations from the Zebiak and Cane [1987]
(ZC) coupled ocean-atmosphere model for ENSO. (b) Wavelet power spectrum for model NINO3. The
contour levels are chosen so that 75%, 50%, 25%, and 5% of the wavelet power is above each level,
respectively. The cross-hatched region shows the cone of influence, where zero padding has reduced the
variance. The solid contour is the 10% significance level (with global wavelet spectrum as the background). On
the right is the global wavelet power spectrum (solid line). The dotted line is the 10% significance level for the
global wavelet spectrum (red-noise background). Wavelet analysis is based on Torrence and Compo [1998].

over the same region as for the historical data. In terms of the
statistically significant frequencies the spectrum of the model-
derived NINO3 is similar to that of the observation-based
NINO3. The 110,000-year integration of the model was per-
formed by Cane and Clement to develop a useful paleoclimate

perspective on ENSO. An interesting aspect of the results is
the dramatic temporal variability in the computed NINO3 over
decades, centuries, and millennia. A 1000-year segment of the
model NINO3 index time series is shown in Figure 4a, and the
corresponding wavelet spectra is shown in Figure 4b. It is
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Figure 5. Probability distribution of anomalous La

Nifia occurrences from the 110,000 year run of the ZC

model based on limited-length record: (a) 50 years and (b) 200 years. The probability distribution is computed
using a Gaussian kernel, with normal optimal smoothing. The solid line represents a block bootstrap (sys-

tematic), and the dashed line represents a raw boot

strap (random). Note the fatter tail of the distribution

where the time series structure is preserved (systematic).

interesting to note the manner in which the model spends long
periods in a perpetual El Nifio or La Nifia state and also the
changes in the frequency structure over time. The intermit-
tency in the interannual band is reminiscent of the analysis of
the 20th century, while the interdecadal and longer-period
variations suggest possible modulating influences for the inter-
annual variations. Such temporal variations are consistent with
the behavior expected from moderately complex low-order

nonlinear dynamical systems and are discussed in the context
of ENSO by Tziperman et al. [1994] and Jin et al. [1994]. It is
not fully clear if the NINO3 realizations of this model over
these timescales are representative of the real climate. How-
ever, it is interesting that even a relatively simple model for
ENSO suggests highly nonstationary (both in the mean and the
frequency structure) NINO3 variations. Thus the implication
for ENSO-related hydrologic teleconnections (e.g., floods) is
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Figure 6. Same as Figure 5 but for El Niflo conditions.

that even in the absence of climate forcing (e.g., stemming
from increased CO, influences) it is likely that there will be
substantial variations (and potential nonstationarities) over
timescales of interest for flood frequency analysis and water
resources planning and management.

Given the complex time-frequency behavior and memory
structure exhibited by the NINO3 in the model integrations,
the ability to assess the behavior of hydroclimatic extremes
given a sample of fixed sample size is not clear. Specifically, if
the memory as inferred from traditional correlation and wave-

let analyses were limited to k years, a record of length n
(sufficiently larger than k) may, on average, still contain suf-
ficient information about the long-term variations in extremes.
In that case, for certain design and long-term flood planning
activities, understanding and characterizing the memory in the
flood-generating process may not be an overarching issue. For
instance, analysis based on a 1000-year paleoflood record
(where all the ENSO-driven structure in the flood process had
a periodicity <10 years) would likely lead to flood quantile
estimates consistent with the traditional flood frequency anal-



JAIN AND LALL: FLOODS IN A CHANGING CLIMATE

(a)

—— Systematic
Randomized

02 03 04 05

Probability density function
0.1

.,
........

0.0

10 8 6 4 2 0 2 4 6 8 10
Anomalous counts

(c)

0.10

Probability density function
0.05

0.00

10 8 6 -4 2 0 2 4 6 8 10
Anomalous counts

3201

0.10

Probability density function
0.05

0.0

10 8 6 4 -2 0 2 4 6 8 10
Anomalous counts

(d)

0.10 0.15

Probability density function
0.05

0.00

10 8 6 4 -2 0 2 4 6 8 10
Anomalous counts

Figure 7. Probability distribution of the number of anomalous exceedances of the flood series based on a
quantile threshold: (a) <10%, (b) <33%, (c) >67%, and (d) >90%. Quantiles are computed based on a
30-year time window, and exceedances of each quantile are computed for the next 30 years on record.

ysis assumptions. On the other hand, if the underlying gener-
ating process led to regime structure at multiple timescales (as
suggested by the ZC model), it is not clear that an adequate
record length will be easily established.

This issue is explored by examining the probability distribu-
tion of the frequency of occurrence of El Nifio and La Nifna
events (i.e., extremes of the NINO3 process) for different
sample sizes, drawn from the 110,000-year model NINO3
record. Both phases of ENSO are of interest since, depending
on the location, the correlation of floods with NINO3 may be
positive or negative. First, we define fixed thresholds of NINO3
values to define La Nifia (NINO3 less than 10th percentile
(—0.71 K anomaly)) and El Nifio (NINO3 greater than 90th
percentile (1.8 K anomaly)) events. Subsequently, we draw
1000 samples each of size 25, 50, 100, and 200 at random, with
replacement (i.e., using a bootstrap procedure) from the
110,000-year record, and for each such sample we count the
number of El Nifio and La Nifia events. We expect that a
sample of size 200 may be adequate for robustly estimating the
10-year event (the 10th or 90th percentile of NINO3 in either
direction) for an independent and identically distributed (i.i.d.)
process.

Two sampling strategies are used. A “systematic” sample of
length n is drawn as a contiguous block of n years from the
110,000-year record. This preserves the time series structure
for a sample of that length and corresponds to a block boot-

strap. The second strategy entails drawing a sample of length n
by randomly sampling n years from the 110,000-year record,
corresponding to an ordinary bootstrap. The time series struc-
ture of the series is consequently not preserved. The probabil-
ity distribution functions of the number of La Nifia and El
Nifio events for a sample of size n for the systematic and
random sampling designs are presented in Figures 5 and 6,
respectively. The x axis in both Figures 5 and 6 records anom-
alous counts as the difference between the number of events in
the sample and the average number of events across all sam-
ples of that size. We note that even for a record length of 200
years the distributions of the number of El Nifio or La Nifa
events in systematic samples have a much fatter tail than the
corresponding distribution for randomly sampled data. This
observation suggests that if a flood process were closely tied to
El Nino/La Nifa occurrence, and the ZC model is represen-
tative of how these operate, the variability in the number of
extreme (big or small) floods recorded in samples of typical
length will be much greater than that expected under the i.i.d.
assumption. Thus we can expect to be surprised more often
than we expect, even with an apparently well-formulated and
calibrated probability model for annual maximum floods,
treated as stationary and independent from year to year.
Given this daunting perspective on long-term variability, we
now explore whether a n-year flood period can be taken to be
representative of the next n years. Two experiments are con-
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Figure 8.

Probability distribution of the number of anomalous exceedances of the nintieth percentile of the

ZC model NINO3 series for two successive n year periods using block or random sampling, where 7 is (a) 50
years and (b) 200 years. The probability distribution is estimated using a Gaussian kernel, with normal optimal
smoothing. The solid line is for the block bootstrap, and the dotted line is for the raw bootstrap.

ducted: the first based on the flood data and the second with
the ZC model NINO3 data.

The variation of the Similkameen River annual maximum
flood series in successive 30-year periods is analyzed first. A
60-year segment of the record is selected randomly from the
88-year record. The annual maximum flows corresponding to
the 10th, 33rd, 67th, and 90th percentiles of the first 30 years of
this 60-year segment are estimated. We count the nonex-

ceedances of the 10th and 33rd percentiles and the exceedance
of the 67th and the 90th percentile in the subsequent 30 years.
This process is repeated for 29 available 60-year-long seg-
ments, and the resulting probability distribution of ex-
ceedances for each threshold is presented in Figure 7. The
resulting frequency distribution is contrasted with the one ob-
tained if each 30-year segment is drawn from the original
record by randomly sampling each year rather than drawing a
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Figure 9. Same as Figure 8 but for nonexceedance of the 10th percentile of the ZC model NINO3.

contiguous 60-year block. There are rather large differences in
the distributions of the systematic and randomized samples for
the 10th, 33rd, and 90th percentiles. This is consistent with our
intuition from the earlier analysis of the El Nifio/La Nifia event
occurrence process using the model data and reinforces the
notion that the role of nonstationarity in the time series is to
lead to fatter-tailed distributions for the frequency of ex-
ceedance (i.e., the uncertainty distribution associated with the
estimated flood frequency curve). Given the marked differ-
ences noted here, one would be hard pressed to accept the last
30 years as representative of the next 30 at this site.

We recognize that the 88-year record used above poses some
severe constraints on the reliability of the resampling experi-
ment that was conducted to assess the properties of ex-
ceedance. Consequently, the same experiment is now repeated
for the NINO3 data (consider the hypothetical case that log
(annual maximum flood) is perfectly correlated with NINO3)
from the 110,000-year run of the ZC model. We consider the
exceedance of the 90th percentile and the nonexceedance of
the 10th percentile as estimated from the first n years and the
second n years for samples of different size as before. The
results (Figures 8 and 9) reinforce the earlier observations that
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the time series structure imparts fatter tails to the exceedance/
nonexceedance process.

6. Discussion

In this paper, we considered the time evolution of the annual
maximum flood distribution and the possible modulating in-
fluence of the large-scale climate. The nearly century-long
historical record for the Similkameen River shows marked
interannual-to-interdecadal variations, resulting in some sys-
tematic variations in the flood potential. Such variations are
not unique to this flood record as we noted in section 1. In
closing, we offer the following observations and discuss some
emerging research directions.

1. Flood potential is influenced by climate state, and the
association between annual maximum floods and leading indi-
cators of climate state can be identified.

2. Given the complex, low-frequency variations in climate
state, flood frequency exhibits interannual, interdecadal, and
longer variations that may be predictable, contingent on the
predictability of the underlying climate state. Evidence was
provided of the linear predictability of the annual maximum
flood at the site studied nearly 4 months in advance. This
information could be used for reservoir management for flood
control and for near-term flood planning. The issue of longer-
term prediction of climate and floods was not considered here.

3. The traditional assumption of stationarity in flood fre-
quency analysis may translate into suboptimal decisions on
flood control design given the large element of surprise indi-
cated by the bootstrap analyses presented here. There is a
much higher chance of seeing substantially different numbers
of exceedances (nonexceedances) of the design flood based on
the i.i.d. assumption once consideration is given to the long-
term memory in the underlying process. The manner in which
we develop an understanding of the incremental uncertainty
and risk due to nonstationarity and use it in planning and
design are questions worthy of further investigation. New per-
spectives on the relative merits of structural and nonstructural
measures for flood control and for land use in the floodplain
may emerge.

4. Models of climate, simple or complex but representative
of the long-term variations of the system, will almost certainly
be necessary to provide guidance for an assessment of the
distribution of hydroclimatic extremes. The analysis presented
here already provides some insights into new directions for
analysis of flood frequency and factors of safety in design.

5. Hydrologic teleconnections to climate indicators and the
associated atmospheric fluxes of water vapor exhibit consider-
able spatial and temporal structure. This is already understood
through circulation pattern composites, linear statistical anal-
ysis (e.g., correlation), and numerical model analyses focused
on events or periods of record. How do we move from this
knowledge to a reassessment of regional/continental flood fre-
quency that provides a proper context for reducing spatial and
temporal flood risk? Since there is evidence that large regions
may respond in a similar manner to climate precursors and
may be mutually anticorrelated, opportunities for near-term
resource allocation and insurance strategies that use such spa-
tial information to adjust premiums and hence hedge risk are
indicated. A new direction for the estimation of regional flood
frequency, conditional on exogenous climate indices is also
suggested.

6. For a practitioner an assessment of climate-related flood
risk can provide useful insights into the revision of traditional
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flood frequency estimation procedures and a better estimation
and assessment of associated risk for water resources systems,
dam safety, and floodplain management. In the absence of long
hydrologic records a better understanding of the range of vari-
ability of climate precursors, their teleconnections, and an
analysis of proxy records would help develop estimates of the
possible flood risk, as well as some intuition as to how to
interpret risk. At the same time, statistical-dynamical ap-
proaches that recognize the nature of teleconnections and sen-
sitivity of flood response to climate may find useful applica-
tions in the area of climate-related flood risk assessment.
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