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Abstract. An energy-conservative metric based on the dis-
crete wavelet transform is applied to assess the relative en-
ergy distribution of extreme sea level events across differ-
ent temporal scales. The metric is applied to coastal events
at Key West and Pensacola Florida as a function of two
Atlantic Multidecadal Oscillation (AMO) regimes. Under
AMO warm conditions there is a small but significant redis-
tribution of event energy from nearly static into more dy-
namic (shorter duration) timescales at Key West, while at
Pensacola the AMO-dependent changes in temporal event
behaviour are less pronounced. Extreme events with in-
creased temporal dynamics might be consistent with an in-
crease in total energy of event forcings which may be a re-
flection of more energetic storm events during AMO warm
phases. As dynamical models mature to the point of pro-
viding regional climate index predictability, coastal planners
may be able to consider such temporal change metrics in
planning scenarios.

1 Introduction

Developing tactics and strategies to address changes in the
secular and dynamic behaviour of rising sea level constitutes
an important challenge for a significant portion of the global
population, including the socio-economic viability of their
ports and cities (Nicholls et al., 2008). Certainly there is
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widespread recognition of this issue, and significant scien-
tific scrutiny directed at the task of understanding and even-
tually forecasting such behavior (Bindoff et al., 2007). The
bulk of this effort has focused on mean sea level rise: long-
term changes insensitive to dynamic processes at timescales
below seasonal periods. At the other end of the temporal
spectrum are storm related events capable of imposing severe
consequences to coastal communities. As noted in the Fourth
Assessment Report of the Intergovernmental Panel on Cli-
mate Change (IPCC): “Societal impacts of sea level change
primarily occur via the extreme levels rather than as a di-
rect consequence of mean sea level changes” (Bindoff et al.,
2007).

The IPCC report recognizes the sparsity of literature char-
acterizing sea level extremes. Within this research sector
much of the work has addressed statistics of high water lev-
els which clearly are a primary metric concerning extreme
event damage potential. Very little attention has focused on
event duration which governs the integrated physical effect
of extreme water levels. It is clear that from the perspective
of coastal biota, geomorphology and anthropogenic infras-
tructure that event temporal character is important, however,
there are other ocean dominated geophysical processes to
consider. For example, in South Florida it is known that sea
level and coastal aquifer groundwater levels are coherently
linked (Park and Richardson, 2006), and that sea level rise
promotes saltwater intrusion into the surficial aquifer which
is a primary source of drinking water for millions of people
(Parker et al., 1955). The spatiotemporal intrusion of salt-
water is dependent on the level and duration of the event, as
well as the hydraulic conductivity of the aquifer, which in
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Fig. 1. Location of Pensacola and Key West, Florida.

southeastern Miami-Dade county of Florida can be remark-
ably high. Therefore, understanding the temporal character-
istics of extreme sea level events has relevance to many nat-
ural and human interests.

Investigations of sea level extremes suggest that long-
term increases of extreme water levels are driven by mean
sea level rise, not due to an emerging physical mechanism
(Woodworth and Blackman, 2004). Another common theme
is that interannual variability of extreme levels are corre-
lated with regional climate indices and related “storminess”
(Woodworth et al., 2009; Woodworth and Blackman, 2002,
2004; Bromirski et al., 2003; Seymour, 1996). With re-
spect to event durations, Smith (1998) fit Weibull distribu-
tions to event durations and suggested independence between
duration and extreme coastal wave heights, and Haigh et
al. (2010) assessed yearly average and total duration of surge
from numerous records along the coast of Britain. A recent
analysis by Park et al. (2010) found positive trends between
both extreme sea level and event duration with respect to
the Atlantic Multidecadal Oscillation (AMO) (Kerr, 2000)
at Key West and Pensacola, Florida.

There are at least two reasons a link between extreme
coastal sea levels and the AMO index are of interest. First,
there are apparent connections between the AMO and geo-
physical forcings related to Atlantic hurricane activity. Nat-
urally, the AMO is related to the size of the Atlantic Warm
Pool (AWP) (Enfield et al., 2010) and Wang et al. (2006)
proposes a plausible heat-engine source: “The large AWP,
associated with a decrease in sea level pressure and an
increase in atmospheric convection and cloudiness, corre-
sponds to a weak tropospheric vertical wind shear and a
deep warm upper ocean, and thus increases Atlantic hurri-
cane activity”. Therefore, one can suggest a link between the
AWP/increased storm activity as a forcing mechanism and
the extreme coastal water levels and durations as a response.

Second, if ability to forecast the AMO emerges, even within
a probabilistic framework assessing AMO phase changes
(Enfield and Cid-Serrano, 2006), then it becomes reasonable
to consider coastal management strategies aimed at extreme
event mitigation based on forecast conditions. For example,
coastal water managers might contemplate flood drainage
system draw downs in anticipation of extreme storm events,
or raising of coastal aquifer levels to counter saltwater intru-
sion.

Here we are concerned with further analysis of the link
found between AMO and duration of extreme events at Key
West and Pensacola by Park et al. (2010). A timeseries
analysis based on the Maximal Overlap Discrete Wavelet
Transform (MODWT) (Percival and Walden, 2006) applied
to surge events is used to decompose event energy into inde-
pendent components. Comparison of energy partitions as a
function of the AMO regime are then assessed.

2 Extreme event data

The data consist of high water level events extracted from
hourly coastal tide gauge data at Key West and Pensacola
Florida, the location of these cities is shown in Fig. 1. The
Key West data span the period 19 January 1913–31 De-
cember 2008, while the Pensacola data cover the period
1 May 1923–31 December 2008. Extreme events are iden-
tified according to a 3-day moving sample standard devia-
tion of surge exceeding the 99.5 percentile. Surge is defined
as a non-tide residual (NTR), the difference between the ob-
served water level and the NOAA tidal prediction based on
astronomical harmonic constituents. This method detects ex-
treme events based on their “energy distance” from the astro-
nomical tidal variation and identified a total of 60 events at
Key West and 70 at Pensacola. The raw data, detection algo-
rithm and event statistics are described in Park et al. (2010).

3 Event duration linked to AMO

Primary findings of the analysis in Park et al. (2010) are
that extreme tidal water levels and durations at Key West
and Pensacola have statistically significant trends when re-
gressed against the AMO index. Concerning this relation
between extreme events and the AMO, mean event statis-
tics exhibited an increase in event duration and maximum
water level during AMO warm events. An AMO warm
condition is defined here as values of the index (NOAA,
2009) for which AMO>0.1, and AMO cool corresponds to
AMO<−0.1. This partition of AMO regimes accounts for
approximately 70% of the total events, 41/60 at Key West
and 49/70 at Pensacola. The remaining events correspond to
a transition phase of the AMO between cool and warm con-
ditions and were not included in the analysis. The statistics
of this analysis are reproduced in Table 1 and indicate a mean
increase in event length of approximately 17 h at Key West
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Table 1. Mean event statistics as a function of AMO condition (Park
et al., 2010). Water levels are with respect to the 1988 North Amer-
ican Vertical Datum (NAVD).

Station AMO Duration (hr) High Water Level (m) N

Key West cool 23.4 −0.090 23
warm 40.7 0.188 18

Pensacola cool 26.8 0.392 19
warm 39.6 0.668 30

and 13 h at Pensacola for AMO warm compared with AMO
cool.

To examine characteristics of these temporal shifts a fre-
quency analysis is warranted, however, owing to the transient
nature of these events a Fourier decomposition may poorly
represent the event power as a function of frequency. A bet-
ter tool for transient analysis is the wavelet transform. Even
though the wavelet transform may not provide the degree of
spectral resolution afforded by Fourier analysis, its ability to
decompose transient signals into independent energy compo-
nents is a significant advantage.

4 Wavelet decomposition

We use the MODWT to analyze NTR events across a spec-
trum of temporal scales. The reader will find an excel-
lent reference for the MODWT in the book by Percival and
Walden (2006). Briefly, the MODWT decomposes an input
timeseries vectorX of lengthN into a set of additive compo-
nents, each of which captures temporal variations at different
timescales:

X =

J∑
j

Dj + SJ (1)

where the indexj represents a distinctwavelet level. The
Dj are referred to as waveletdetails, andSJ the smooth,
each a vector of lengthN . The details capture transient
and oscillatory behaviour at different timescales, the smooth
corresponds to a moving average of the signal. Note that
there are a total ofJ+1 levels (J details and one smooth) so
that by convention a 7-level MODWT actually has 8 compo-
nents. Each wavelet level is computed with a matrix trans-
formDj=WT

j 8j andSJ =VT
J 9J whereW andV areN×N

matrices of MODWT coefficients,8 and9 are referred to as
thewavelet coefficientandscaling coefficientvectors respec-
tively. The wavelet and scaling coefficients are the result of
cascaded high-pass wavelet filters (h) recursively applied to

the input: 8j,t=

Lj −1∑
l=0

hj,lXt−1,mod N, or a low-pass scaling

Table 2. Maximum temporal scale of each wavelet level (W1–W7),
and mininum temporal scale of the scaling level V7.

Level W1 W2 W3 W4 W5 W6 W7 V7

Scale (hr) 4 11 25 53 109 221 445 381

filter (g): 9j,t=

Lj −1∑
l=0

gj,lXt−1,mod N where the filter width at

each levelLj =(2j -1)(L-1)+1 is determined by the length of
the mother wavelet filterL. In terms of the MODWT matrix
and wavelet/scaling coefficients the input can then be repre-
sented as:

X =

J∑
j

WT
j 8j + VT

J 9J . (2)

The MODWT provides a convenient encapsulation of the
signal energy in terms of the wavelet and scaling coefficient
vectors:

||X||
2

=

J∑
j

||8j ||
2

+ ||9J ||
2 (3)

which are related to the sample variance ofX (Percival and
Walden, 2006). Preservation of the total variance is an impor-
tant feature of the MODWT, one which we exploit to exam-
ine energy conservative changes in extreme event behaviour
under changing climatic conditions.

Wavelet processing is performed with the wavelets pack-
age of the R statistical computing suite of programs (R 2008).
We employ a seven level (J=7) wavelet transform based
on the least asymmetric mother wavelet (Morris and Per-
avali 1999), maximum temporal scales for the wavelet lev-
els (W1–W7), and minimum temporal scale for the scaling
level V7 are listed in Table 2. To ensure that end-effects of
wavelet periodicity are avoided, all event datasets were of
length 1335 h, three times the length of the longest wavelet
scale (445), with the event centered in the record.

Since we will examine the relative event energy distribu-
tion between wavelet scales, it is important that the transform
provide un-biased estimates of energy in each temporal scale.
For example, Liu et al. (2007) noted that some popularly im-
plemented wavelet algorithms result in scale-dependent en-
ergy estimates, that is, the reported wavelet coefficients pro-
vide a measure of the energy integrated across the wavelet
scale, rather than an “average” energy independent of the
temporal scale. We used a synthetic signal consisting of a
superposition of sine waves with equal amplitude spanning
over an order of magnitude in frequency to verify that the
R wavelets package produces un-biased wavelet coefficients.

In order to assess partitions of energy across the differ-
ent wavelet scales we examine the magnitude of the NTR
wavelet coefficients8j at each level W1–W7. For example,
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Fig. 2. Magnitude of the NTR wavelet coefficients8j for an event
at Key West on 10 September 2008.

the MODWT magnitude of NTR for an event at Key West is
plotted in Fig. 2. The scaling coefficients (9) associated with
the level V7 are not shown. The relative total event energy
is impressive, and nicely illustrates the utility of considering
the NTR as a metric for event characterization as a function
of energy. For example, one can observe that at the point of
maximum NTR magnitude that the energy across the scales
decreases in the order W6, W7, W5, W4, W3, W2, W1.

5 Event energy partitions

To quantify event characteristics we specify a metric of the
relative contribution of thej -th wavelet level to the total en-
ergy at any point in timet

ej (t) =
|8j (t)|

J∑
j

|8j (t)|

. (4)

To visualize this metric choose an event time along the hori-
zontal axis of Fig. 2, for example event hour 638 which cor-
responds to the peak of event energy. Thene7(638) is the
fraction of energy contributed by W7 to the total energy, vi-
sually this would be the relative fraction of the W7 curve to
the total at that point.

Since extreme sea level events do not occur at a single
point in time, but span a finite duration, a more compre-
hensive metric considers the relative event energies over the
event duration. Event durations,τ , were defined by Park et
al. (2010) as the contiguous interval over which the moving
sample variance of the NTR exceeded the 99.5 percentile.

With this extension we define the relative event energy of
thej -th wavelet level as:

Ej =

∫
τ

|8j (t)|dt

∫
τ

J∑
j

|8j (t)|dt

. (5)

Owing to the energy conservative nature of the wavelet
coefficients as evidenced in Eq. (3), the relative ratios
expressed inej and Ej are also energy conservative,

i.e.
J∑
j

ej=

J∑
j

Ej=1.

Another metric of interest is the active interval,Tj , of each
wavelet level surrounding the peak energy of the event. This
provides information about the temporal contribution of en-
ergy to the event across the wavelet scales. We employ a
derivative search algorithm to estimateTj . The algorithm
starts by finding the maximum of thej -th wavelet detail
magnitude. From this point thej -th wavelet magnitude (e.g.
Fig. 2) is followed to the left (decreasing time) as long as
the derivative of the curve is positive. When an inflection
is encountered, that time index is marked as the start point.
Likewise, starting from the maximum point the curve is fol-
lowed to the right (increasing time) as long as the derivative
of the curve is negative. At the first inflection the time in-
dex is marked as the end point. The end and start values are
simply subtracted to estimate the duration of thej -th wavelet
level oscillation.

6 Event energy dependence on AMO

The energy and duration statistics were computed on the
Key West and Pensacola event data identified by Park et
al. (2010). This results in eight values ofEj andTj for each
event. The events are then partitioned into two subsets based
on the value of the AMO index during the event (warm or
cool as previously defined). Let us assume weak stationarity
of the event relative energy and duration as a function of the
AMO index. This assumption should hold in light of the find-
ings by Woodworth and Blackman (2004) that regional surge
statistics are dependent on regional climate forcings, also,
Zhang et al. (2000) reported that surge events from hourly
tide gauge records along the East Coast of North America
did not show any discernible secular trend during the twen-
tieth century. Mean values of relative energy and interval
are computed for each AMO index subset, with results for
Key West presented in Table 3. Also shown in Table 3 is the
change in fractional energy from AMO cool to warm condi-
tions,1Ēj , and estimates for a one-sided 90% confidence
bound on the change.

The one-sided 90% confidence interval (CI) is estimated
with a bootstrap resampling of theEj as follows. From
the entire event dataset (including all AMO conditions) draw
with replacement two random sets of events. The first set has
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Table 3. NTR event relative energy and temporal periods at Key West.

Wavelet Ēj Ēj 1Ēj 90% Tj (hr) Tj (hr)
Level AMO cool AMO warm 1Ēj AMO cool AMO warm

W1 0.0184 0.0245 0.0061 0.0008 2.8 3.8
W2 0.0274 0.0309 0.0034 0.0012 5.9 6.3
W3 0.0610 0.0508 −0.0103 0.0025 10.9 10.9
W4 0.0626 0.0738 0.0113 0.0016 19.3 24.7
W5 0.0898 0.1185 0.0287 0.0026 38.4 36.6
W6 0.1557 0.1726 0.0168 0.0048 78.3 93.7
W7 0.1449 0.1607 0.0158 0.0046 153.6 156.4
V7 0.4402 0.3683 −0.0719 0.0098 340.3 312.1

Table 4. NTR event energy and temporal periods at Pensacola.

Wavelet Ēj Ēj 1Ēj 90% Tj (hr) Tj (hr)
Level AMO cool AMO warm 1Ēj AMO cool AMO warm

W1 0.0186 0.0141 −0.0045 0.0004 3.2 2.9
W2 0.0161 0.0155 −0.0005 0.0003 5.0 5.4
W3 0.0306 0.0302 −0.0003 0.0006 11.8 12.4
W4 0.0708 0.0738 0.0029 0.0014 23.0 24.3
W5 0.1182 0.1267 0.0085 0.0021 44.7 46.5
W6 0.2178 0.2054 −0.0123 0.0038 95.1 88.6
W7 0.2279 0.2036 −0.0243 0.0030 165.4 170.1
V7 0.3001 0.3307 0.0306 0.0037 272.5 275.9

the same number of samples as the AMO cool subset, and
the second the same number of samples as the AMO warm
subset. For each of these resampled subsets compute the
mean relative energy at each wavelet levelĒj , then compute
the difference between the means of the two subsets (corre-
sponding to1Ēj ). Repeat this procedure for 1000 random
samples. Compute 90% quantiles from the 1000 samples of
1Ēj which serve as a one-sided estimate on the null hypoth-
esis that a random change in1Ēj is below the 90% signifi-
cance level.

Considering the energy change1Ēj in detail, we see that
the largest change (∼7%) was a loss of energy from the long
period smooth V7 when conditions changed from AMO cool
to AMO warm. That there is a shift of energy into the dy-
namic timescales (non moving average) is consistent with
previous findings of increased extreme water level event vari-
ability during AMO warm phases (Park et al., 2010).

The next most significant change is the addition of nearly
3% of event energy in the W5 level under AMO warm condi-
tions, followed by roughly 1.5% increases in the W6 and W7
levels. The other short timescales W1, W2 and W4 exhibit
small increases, while the sub-diurnal W3 scale has a 1%
loss. Overall, the data suggests that extreme event variability
at Key West increases at dynamic timescales between 20 and
150 h during AMO warm conditions with the largest increase

at roughly a 37 h period. This increase may be a reflection of
increased storm activity supported by a larger ocean thermal
reservoir.

Results for the Pensacola station are shown in Table 4. In
this data we see that there is little redistribution of event en-
ergy at timescales shorter than the W4 (daily) level. Even at
the 45 h period of W5 there is a less than 1% increase during
AMO warm conditions. It is known that the extensively shal-
low bathymetry offshore Pensacola significantly modifies the
amplitude and phase response of storm surges (Harris, 1963).
This suggests that event energy changes at timescales less
than one day can be suppressed by bathymetry controlled
boundary conditions and bottom friction, consistent with his-
torical surge behaviour. Regarding the longer timescales
there is a small shift of energy out of the dynamic levels W6
and W7, and into the long-term average scale V7.

7 Conclusions

There is clear evidence that regional climate processes such
as the AMO can produce significant changes in the oceano-
graphic, atmospheric and hydrological response of regional
locales (Enfield et al., 2010; Bromirski et al., 2003; Enfield
and Cid-Serrano, 2001; Seymour, 1996). Recent analysis
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indicates that such a link exists between the AMO and ex-
treme coastal sea level heights and durations in Florida (Park
et al., 2010). We have explored the temporal characteristics
of these events at Key West and Pensacola by decomposing
event NTRs with a discrete wavelet transform (MODWT).
The MODWT is suitable for this purpose since it captures
the transient characteristics of the events while partitioning
the signals into independent components, preservation of the
total variance allows a complete representation of the process
energy across temporal scales.

The analysis constructs an energy conservative metric
which facilitates comparison of the relative energy of ex-
treme events across temporal scales. Application of the met-
ric to subsets of event data as a function of the AMO suggests
a redistribution of energy in temporal bands in response to
regional climate conditions. In the case of extreme sea level
events at Key West the analysis finds that under AMO warm
conditions the average increase in event variability is primar-
ily at temporal scales from 20 to 150 h (roughly 1 to 6 days)
with the most significant increase of approximately 3% near
a 37 h period. We hypothesize that the redistribution of event
energy into these dynamic timescales reflects an increase in
storm energetics as a result of an increase in ocean heat con-
tent as reflected by the AWP (Enfield et al., 2010; Wang et
al., 2006). Results at Pensacola detected a weaker redistri-
bution of mean event energy with no significant changes at
timescales below 45 h.

The results show that extreme sea level events detected
from coastal tidal records can temporally resolve exchanges
of energy between temporal bands as a function of a
regional climate index. This provides an approach that may
eventually be applied to correlate temporally dependent
geophysical responses with regional climate forcings. If
it becomes possible to forecast these climate indices, then
such links may provide useful decision support informa-
tion. For example, in the case of coastal stations where
saltwater intrusion forced by extreme events is a concern,
the temporal statistics could provide input to hydrological
models used to estimate the spatiotemporal influence of the
intrusion. Water resource managers may then be able to plan
mitigation or remediation measures to counter the intrusion.
Another concern is the reduction of coastal flood control
release capacity as mean sea level rise and extremes occur.
Statistical expectation of the temporal span over which the
extreme levels will persist based on climate outlooks may
allow the development of appropriate flood control routing
and adaptation strategies.

Edited by: J. M. Huthnance
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