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Abstract 
 

As part of the NOAA-funded Pacific Islands Ocean Observing System (PacIOOS) 
program, products designed for the public are being developed to deliver forecasts of the 
following:  

• unusually high sea level and surge at locations such as harbors and atoll lagoons that 
are protected from the direct impacts of ocean ‘sea and swell’, and;  

• unusually high sea level and wave swash at locations such as beaches that are directly 
exposed to ocean ‘sea and swell’. 

This report is the first of a series of reports that describe how the forecasts are produced. 
Specifically, this report describes the production of forecasts of sea level, up to six days into 
the future, at a number of harbors and atoll lagoons that are protected from the direct impacts 
of ocean ‘sea and swell’. The forecast, based solely on sea level observations collected up 
until the time of the forecast, includes the effects of the following:  

• the deterministic, gravitationally-forced tides;  
• other diurnal and semi-diurnal variability such as that generated by local sea breezes; 

and,  
• multi-day variability that results from large-scale winds and/or the evolution of large-

scale currents offshore. 

The forecast described herein does not include the effects of surges that are the result of 
infragravity waves (1-60 minute period oscillations that are forced by either rapidly-changing 
winds or short-period, 1-30 second, gravity waves that are commonly called ‘sea and swell’). 
Forecasted surges due to infragravity waves are included in an information product that will 
be described in a separate report. The forecast product described herein also does not include 
forecasts of high sea level due to tsunamis or due to large storms (i.e., storm surge). Forecasts 
of these two types of high sea level events are prepared and disseminated by the U.S. 
National Weather Service for U.S. territories and possessions.  

Except for tsunamis and storm surges, by far the largest component of sea level variability 
in the harbors and atoll lagoons under consideration is the gravitationally-forced tide, so that 
small improvements to the estimates of the tidal constituents can have a significant impact on 
sea level forecasting. Consequently, an important aspect of the PacIOOS sea level product is 
an accurate re-analysis of the existing sea level records for their deterministic tidal 
components. This report includes new tables of tidal constituents for all stations considered, 
as well as evidence demonstrating the higher accuracy of the present tidal analyses compared 
to previous operational analyses. 

A discussion of possible improvements to the forecast methodology is included.  
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1.  Introduction 
The forecast of high sea level (SL) in and around harbors is an important component of safe 

and reliable operations by harbor users, and provides a benefit to residential and commercial 
property owners in surrounding low-lying areas. This report describes the methods used to 
produce a PacIOOS product that provides forecasts of sea level heights at nine harbor locations in 
Hawaii and the Western Pacific (Table 1). At these locations, observed sea level heights are 
already disseminated in near real-time by NOAA NOS/CO-OPS [8] or the Australian Bureau of 
Meteorology (i.e., Majuro; ref. [5]). As well, at each station, these agencies provide forecasts of 
the tidal component of sea level that is usually the largest component. However, there have been 
periods of time, exclusive of tsunamis and storm surges, when the sea level exceeds the predicted 
tide enough to produce unexpected flooding of low-lying land near these stations. These events 
are usually due to the forcing of higher sea level, on top of that due to the tides, by common, but 
strong, local winds and/or by ocean currents evolving offshore.  

A forecast tool has been developed and is described here that indicates, up to 6 days in 
advance, the potential for flooding in and around the harbor areas, exclusive of tsunamis, storm 
surges and river runoff. These forecasts utilize solely the existing ongoing sea level observations, 
and the method can be extended to virtually any harbor with such near real-time observations. 
The forecasts will be useful to commercial entities at and near the harbors, private residents in 
surrounding areas, as well as city, county, state and federal government agencies. 
 

Table 1.  List of Sea Level Stations Used in Forecasts (as of July, 2012)  

Name Latitude Longitude Established Station ID Sample Int. Source        
Hilo 19o 43.8’ N 155o 03.3’ W 11-30-1946 1617760 6 min. CO-OPS [1]        

Honolulu 21o 18.4’ N 157o 52.0’ W 01-01-1905 1612340 6 min. CO-OPS [1]        
Kahului 20o 53.7’ N 156o 28.6’ W 12-19-1946 1615680 6 min. CO-OPS [1]        

Kawaihae 20o 02.1’ N 155o 49.7’ W 02-06-1988 1617433 6 min. CO-OPS [1]        
Mokuoloe 21o 25.9’ N 157o 47.4’ W 05-03-1957 1612480 6 min. CO-OPS [1]        
Nawiliwili 21o 57.2’ N 159o 21.3’ W 11-24-1954 1611400 6 min. CO-OPS [1]               

Kwajalein 08o 43.9’ N 167o 44.1’ E 06-10-1946 1820000 6 min. CO-OPS [1]        
Majuro 07o 06.4’ N 171o 22.4’ E 05-13-1993 200832† 1 min. IOC [2] 

Pago Pago 14o 16.8’ S 170o 41.4’ W 10-06-1948 1770000 6 min. NOAA TC [8]               
†	  Australian BoM Station Number 

 
Figure 1 provides an example of the forecast methodology applied to historical sea level data 

from Honolulu Harbor. The figure shows that, based on data up to July 27, 2008, 4:00 PM HST, 
the potential for flooding would exist at Honolulu Hbr. on each of the next 6 days. The actual sea 
level for that time period is shown in Figure 2, where it is seen that the observed sea level did 
exceed the flooding threshold (the height at which flooding has been observed in Mapunapuna 
near Honolulu Hbr.) and matches closely with the forecast. Figure 3 shows a photograph of 
flooding on a street in Mapunapuna on July 31, 2008, due to the high sea level event. With 
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Figure 1.  Example of a forecast of sea level exceeding the flooding threshold for 
Honolulu Hbr. The forecast was calculated using historical data up until July 27, 2008, 
4:00 PM HST.  
 
 
 

  
 
Figure 2.  An example of Honolulu Hbr. sea level achieving high levels due to high tides 
and a multi-day, non-tidal, sea level anomaly that was predictable given sea level data 
available prior to July 28 (Figure 1). The residual sea level (in black) is nearly half a foot 
higher than normal, which when added to a high tide (magenta) produced a total sea level 
height (blue) that exceeded the flooding threshold (red line). This threshold is the point at 
which flooding has been observed in the Mapunapuna area near Honolulu Hbr.  
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Figure 3.  Flooding in Mapunapuna on July 31, 2008 due to the high sea level shown in 
Figure 2. (source: flosplaceonline.com/?paged=41)  
 

forecasts such as this, information about the potential severity of the event can be communicated 
to the public well beforehand, so that appropriate preparations for mitigating the impacts of the 
flooding can be made.

The new forecast product is potentially most useful at locations, such as Kwajalein Atoll in the 
Marshall Islands, that are almost completely comprised of low-lying areas that are all at risk for 
flooding when the sea level is high. Unlike storm surge, which is forecast by weather services 
such as the U.S. National Weather Service [6], the anomalous sea levels discussed here are not 
currently forecast. With these new forecasts of potential high sea level from the more common 
but less violent forcing mechanisms, populations can take necessary precautions to minimize risk 
to property and personal safety.  

To create the sea level forecasts for a given harbor location, the first step is the production of 
an updated analysis of the historical sea level record to establish tidal characteristics; that is, the 
amplitudes and phases of the tide constituents are determined. The tide component of sea level 
can then be forecast very accurately from these constituent values for long periods of time into 
the future. This step alone can be important in some areas, as the basic tidal variability can be 
large, so that small improvements to the estimates of the tidal constituents can have a significant 
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impact. The forecast of the non-tidal sea level is created using an observed “residual” sea level 
obtained by subtracting the predicted tide from the observations. Only the residual sea levels 
during the six days prior to the time of the forecast are used to make the forecast. The residual is 
split into two parts: an oscillatory part, and a long-period deviation. These two parts are projected 
into the future with different methods and added to the deterministic tide forecast. The oscillatory 
part contains sea level variability with approximately diurnal and semi-diurnal periods. The long-
period variation captures multi-day changes.  

The following sections provide an operational description of the sea level forecast product, as 
well as information about how the product was developed. The operational description in Section 
2 will allow users of the code and other interested parties to understand how the forecast is 
explicitly created. The section describes sources of data, how the code works, forecast reliability, 
etc. Section 3 describes the data analysis needed to create the parameters employed in the 
forecast, the reasoning behind the analysis decisions, and the equations used to create the 
forecast. This section will be useful to researchers interested in understanding the forecast 
methodology. Section 4 discusses the forecast elements whose accuracy could be improved with 
the accomplishment of additional research.  
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2.  Operational Harbor Sea Level Forecast Product 
This section of the report contains information useful to both users and maintainers of the sea 

level forecast product. Users will gain an understanding of what is done to create the forecast. 
Maintainers will get a picture of the specific elements in the forecast model, and will be able to 
identify those elements that may need updating from time to time.  

The forecast product is a multi-faceted model that predicts sea level at a specific location with 
the intention of capturing variability arising from three sources:  

(i) deterministic surface tides;  
(ii) non-tidal variability and stochastic tide variability at diurnal and semi-diurnal periods; and,  
(iii) multi-day variability due to such phenomena as offshore eddies striking the islands.  

A simplified flow diagram for the production of the sea level (SL) forecast product is shown in 
Fig. 4.  

This product does not include the following:  
• a forecast of infragravity wave (1-60 minute period gravity wave) impacts on sea level 

fluctuation;  
• the sea level setup that can be caused by 1-30 second gravity waves (sea and swell) 

impinging on a shoreline; nor,  
• sea level fluctuations due to the swash from the sea and swell on an exposed shoreline.  

The first phenomenon could produce harbor oscillations that damage boats and harbor 
infrastructure. The latter two phenomena are generally important only on coastlines directly 
exposed to the sea and swell gravity waves. 

The forecast also does not include predictions of sea level variations due to storm surge 
(forecasts already provided by the U.S. National Weather Service, for instance; [6]) or due to 
tsunamis (forecasts provided by the NWS Pacific Tsunami Warning Center; [10]).  

The first sub-section below is an overview that contains descriptions of the tidal and non-tidal 
data analyses employed in the forecast, as well as descriptions of the data sources. Subsequent 
sub-sections contain specifics about the computer codes that produce the forecast, details of the 
visualization code, and a discussion of the information provided about the forecast on the 
PacIOOS website.  

2.1.  Overview 
2.1.1.  The Deterministic Tide.  The sea level tide at each of the harbor locations is 

overwhelmingly the result of the variation of gravitational forces arising from the motions of the 
moon around the earth and the earth-moon system around the sun. The global ocean’s responses 
to each of these forces are entirely predictable, and when combined together they result in the 
complex tidal motions that we observe (see Cartwright [13] for a history of the subject of tides 
and tidal prediction). To predict the tide, historic sea level records are analyzed to determine
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Figure 4. Flow chart showing the progression of the sea level (SL) forecast creation. 
Operational elements are shown below the “real time” black line.  
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the amplitudes and phases of the tidal harmonics (or, constituents) that exist at different 
frequencies due to the various orbital periodicities in the earth-moon-sun system, with the 
strongest constituents clustering in frequency around one and two cycles per day. 

Simply combining, as is common practice, the eight strongest diurnal and semi-diurnal tide 
constituents results in many complexities, such as the spring-neap cycle, and variations in peak 
tide heights throughout the year. In order to reconstruct the tide with high accuracy here, 68 
different constituents were estimated at each station. With this level of detail, the prediction of 
the deterministic tide becomes highly accurate even decades into the future.  

The specific method of estimating the constituents is based on analyses of multiple 
overlapping time segments of sea level data. Within each segment, the tidal constituents are first 
estimated directly from the sea level data, and then are estimated again from a residual sea level 
dataset, which residual is the original sea level minus a predicted tide based on the first estimate 
of the constituents. The amplitudes in this latter set of residual constituents are, of course, much 
smaller than the first set and represent a correction to the first set. The two sets of constituents 
from each segment are vector averaged, giving a ‘corrected’ amplitude and phase for each 
constituent analyzed in the segment. Finally, the constituent estimates from all the segments are 
vector averaged together. The method was found to very accurately capture the deterministic 
tides, and is described in detail in the analysis section (3.1 & 3.2).  

 
2.1.2.  Non-Tidal Variability.  The origins of observed small sea level variations at diurnal 

and semi-diurnal periods that are not explained by the deterministic tides is an area of active 
research. Daily variations in winds, air pressure, air temperature and insolation are all known to 
produce oceanic responses affecting sea level. It is also known that some part of the internal tide 
(a phenomenon due to the internal stratification of the ocean), which need not remain constant in 
amplitude or phase at a given location, can have a small, measurable, sea level signature. To 
account for all the variability that is not captured by the deterministic tide prediction just 
described, a two-part forecast methodology was created that is applied to a residual sea level data 
set. The residual sea level is simply the observed sea level minus the full estimate of the 
deterministic tide. The past six days of sea level are used for this part of the forecast. Employing 
more than six days is problematic given the purely mathematical forecast techniques used here 
that do not capture the underlying physics of the variability. 

The sea level (with deterministic tide removed) for the six days prior to the start of the forecast 
is separated into two types of variability. The first type is the oscillatory residual variability 
arising from non-deterministic motions at diurnal and semi-diurnal periods. The six days of 
residual sea level are de-meaned and de-trended, then analyzed for their residual short-period 
variability using the program ‘r_t_tide’, which analyzes the short-period residual variability at the 
deterministic tidal frequencies. The reason for using r_t_tide, rather than a strict Fourier or least 
squares decomposition, is that the dominant observed residual oscillations are at diurnal and 
semi-diurnal periods. The majority of these oscillations are believed to be closely associated with 
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the diurnal and semi-diurnal tidal frequencies through a variety of physical mechanisms, but their 
phases are pseudo-random in time so that they are not coherent with the deterministic tides and 
are not coherent from one six day period to the next. For instance, tidally-forced internal waves at 
semi-diurnal periods are strong enough to produce non-trivial sea level signatures, which have 
been observed in Hawaiian waters (e.g., Ray and Mitchum [18]). ‘Constituents’ from the 
‘r_t_tide’ analysis that have a signal-to-noise ratio (SNR) greater than 1 are selected from the 
analysis and used to predict the oscillatory signal six days into the future.  

The second type of non-tidal variability accounted for in the forecast is a ‘long period’ signal. 
As above, the analysis begins with the de-tided six days of sea level immediately preceding the 
time of production of the forecast. This data is low-pass filtered to remove the diurnal and semi-
diurnal oscillations accounted for in the step just described. The remaining signal is then modeled 
as an autoregressive, moving average (ARMA) process, with parameters estimated using Prony’s 
method (e.g., Parks and Burrus [15]). The parameters in the method have been tuned via trial and 
error using historic sea level observations from the various stations. The parameters in use for the 
forecast at this time give the best chance for consistent, reliable forecasts. However, if the input 
data contain jumps or shifts, the method can yield an unstable solution. These situations are 
treated as errors and result in the substitution of a simplified forecast for the long-period signals 
that is closer to the mean value of the data. (The simplified forecast is just the mean plus an 
extrapolated linear trend, but with the trend multiplied by an exponential decay so that the 
forecast at 6 days into the future is just the mean.) 

Simpler models were tested, with the simplest being a mean and slope linear projection. None 
were as accurate as the ARMA solution. A more complex method (Steiglitz-McBride) for 
determining the ARMA parameters was tested, but that method was more often unstable than the 
Prony method given the available sea level data. An improvement might be possible with an 
adaptive ARMA code, which should theoretically yield better accuracy than what is employed 
operationally now. However, the difference in error will probably be quite small. The decision 
was made to employ what worked at an acceptable level of accuracy, rather than expend 
resources refining the forecast further.  

Once the forecasts of the two types of non-tidal variability are complete they are added 
together with the predicted tide to create the final forecast (Figure 4). The first few hours of the 
forecast (not including tides) are smoothed, if necessary, to match more closely the amplitude and 
slope of the most recent observations. This is predicated on the assumption, based on 
observations, that the first few hours into the future will ‘trend’ closely to the previous few hours.  

 
2.1.3.  Data Sources.  One of the major concerns in creating an operational forecast of sea 

level is obtaining high quality, real-time data. Ideally, the data would be continuous with a high 
sampling rate and would be easily accessible via the Internet. The forecast is built on hourly data 
derived from 6-minute data (except, 1-minute data for Majuro) that has been smoothed (weighted 
linear least squares regression to a 1st-degree polynomial using an hour of data) and interpolated 
(piecewise cubic Hermite polynomials on 2-hour data pieces) to an hourly time series. For 
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Majuro, the forecast is based on hourly data derived from 1-minute averages of 1-second samples 
[5]. (N.b., the 6-minute data are actually 3-minute averages of 1-second samples that are 
calculated every 6 minutes, e.g., CO-OPS Sensor Specifications and Measurement Algorithms 
[9].) 

The high-resolution data is acquired in real-time from NOS and BoM gauges via the websites 
listed in Table 1. The data from the gauges can be viewed at either the NOAA Tides and Currents 
website [8] or the BoM website [5]. Station information, datum descriptions, and data availability 
are provided at both NOAA and BoM websites. The stations are monitored regularly, and the 
data is flagged for errors. However, the real-time data is classified “unverified” because it cannot 
be rigorously quality-controlled (QC’ed) in the necessarily short time between acquisition and 
dissemination. It is not unusual for erroneous readings, drop outs, and other problems to occur in 
the data. Potential errors in the input data have necessitated the inclusion in the data acquisition 
and analysis codes of a variety of tests (e.g., for drop outs, spikes, out of range values) and the 
execution of mitigation strategies (e.g., substitution of data from secondary sensors, deletion of 
bad points, data smoothing, or halting the forecast).  

All of the stations employed here (with the exception of Majuro Atoll) were designated for 
upgrade in the late 1980’s to Next Generation Water Level Measurement System (NGWLMS) 
field units under the National Water Level Observation Network (NWLON) system. The 
instrument used is a Sutron 9000 RTU with an Aquatrak sea level sensor in a traditional, 
protective “stilling” well. Each station has a backup Sutron 8200 with a pressure sensor for sea 
level measurement. The data collection manual is available from the NOAA Tides and Currents 
Publications website [9]. The data from each station that is used in the forecast product is the 
primary, 6-minute, unverified sea level provided in near real-time. Locations of the Hawaiian 
Island stations are indicated in Figure 5 and for all stations in Table 1. 

The Majuro Atoll station (located at Uliga dock) is maintained by the National Tidal Center of 
the Australian Bureau of Meteorology [5]. The instrument used is the same Sutron 9000 as used 
for the NOS stations. The data used here is the 1-minute (average of 60 1-second samples),	  
unverified data provided by the IOC Sea Level Station Monitoring Facility [2].  

 2.2.  Automated Steps to Create and Publish the Forecast 

The sea level forecast is written in two languages, MATLAB and Python, plus various bash 
scripts. The forecasts are initiated every four hours via the ‘cron’ scheduled task list. The current 
cron list initiates a data acquisition script (DataAcc_XXX.sh, where XXX is the capitalized first 
three letters of the station name) for each NOS station separated by a minute interval between 
successive executions. This is a computational work around, as we encountered an error of 
unknown origin when we tried to run a batch of cURL requests from a single script under cron 
with the user not logged in. Once the data acquisition scripts have run, a master script is started 
(MasterLivePred.sh), which initiates the forecast program, followed by the figure creation 
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Figure 5.  Map showing locations of NOS sea level gauges in the Hawaiian Island 
where the sea level forecast model has been implemented.  

	  

program (FigCreate.sh), and ends with the uploading of the figures. Ideally, the data acquisition 
would be run from the master script, which was the original design.  

For most stations, the data acquisition script submits an http: request to an OPeNDAP server 
that is maintained through NOAA/CO-OPS [1]. The incoming page is stripped of white space and 
given a time-stamped file name. There is some error checking and temporary folder/file creation 
built into the script. File names increment daily to limit the number of files in the data folder. 
After being operational for a year or more, a simple archiving script should be created to remove 
any files older than one year from the active data directory.  

A workaround data acquisition script was implemented for Pago Pago, because many long 
signal dropouts of the primary sensor were occurring at this station. The script accesses the 
NOAA/CO-OPS Tides and Currents [8] site, rather than the OPeNDAP site just mentioned. The 
script simply pulls the secondary sensor sea level if the primary sensor is not available. (The 
secondary sensor data is not available from the OPeNDAP site.) 

For the Majuro Atoll forecast product, the data is accessed through the IOC Sea Level Station 
Monitoring Facility [2] using a script similar to those for the other stations. The Majuro station is 
maintained by the National Tidal Center of the Australian Bureau of Meteorology [5].  

After the data is retrieved, the master script calls MATLAB and inputs a MATLAB batch file 
containing the list of programs for each station. The call to MATLAB is given with the complete 
path to the binary, in order to avoid error conditions associated with cron running when the user 
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is not logged in. Options are called to prevent common hangs when running MATLAB via cron, 
namely: nojvm, which prevents Java virtual machine startup; nosplash, which prevents the 
MATLAB startup graphic; nodesktop, which forces console mode; and nodisplay, which prevents 
MATLAB from trying to use the display. The batch script simply cycles through each station’s 
directory and runs that station’s forecast code.  

After the forecast is computed, the master script initiates the figure creation script 
(FigCreate.sh). This code again switches to each station’s directory and runs the Python code, 
which creates the figures. The figures are made accessible, and the main figure is time-stamped 
and archived. Each of the Python instances should be with the full path to the binary as well, to 
prevent possible failure or Python local version issues.  

The final step is uploading the figures. The forecast runs on a PacIOOS website server, which 
means that all active figures are placed in a single directory. After figure creation, a simple batch 
ftp transfer uploads the figures to a non-local domain where a product test website is updated.  

 
2.2.1.  Specific Automated Forecast Creation Steps.  Each station has a MATLAB script to 

call an instance of SLfcstCtl (the MATLAB control code for the forecast), providing SLfcstCtl 
with the specific parameters for that station. The main forecast program then follows this set of 
steps (simplified flow chart in Fig. 4): 

1. Load tidal constituents and prior 6 days of sea level data.  
2. Initiate time series and index variables  
3. Call r_t_predict to get the tide prediction.  
4. Subtract the tide from the prior 6 days to get a residual sea level for input to SlfcstOpp.  
5. Run SlfcstOpp (the operational forecast sub-program) to get the forecast.  
6. Check for errors.  
7. Save the forecast with appropriate variable names. 

The SlfcstOpp sub-program, which does the forecast calculation, follows these steps:  

8. Set the prediction time index.  

9. Call r_t_tide to calculate the tidal constituents for the residual short-period variability for 
the previous 6 days’ sea level.  

10. Forecast the oscillatory component of the prediction using these constituents in 
r_t_predict.  

11. Remove the oscillatory part of the previous 6 days’ sea level using the constituents in 
r_t_predict.  

12. Low-pass filter the previous 6 days’ sea level twice with 27 and 33 hours cutoffs.  

13. Use Prony’s method to forecast the long-period sea level.  

14. Add the long-period and the two oscillatory components of the prediction.  
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15. Check for errors, and modify if the prediction significantly deviates from statistically 
acceptable patterns.  

16. Match the end points of the observed sea level to the starting points of the prediction. 

At the end of this execution, a file is created for each station that holds the sea level and time 
index variables. Since there are Python modules that will read MATLAB data files, the data is 
saved in .mat format.  

2.2.2.  Automated Figure Creation.  To create figures that are fully customizable and able to 
be created without a desktop environment, as is the case when running cron tasks without being 
logged in, it was necessary to switch from MATLAB to Python. There were a number of 
complexities to deal with, however the end result is far better than what was possible using 
MATLAB alone.  

The figure code is separate for each station at this point. In the future it would be advisable to 
compartmentalize the code to be station independent. Creation of the figures requires a fairly 
recent Python version. The code runs successfully with Python version 2.7 and higher. There are 
a number of libraries that need to be installed; matplotlib, math, pylab, datetime, and scipy. These 
need to be loaded with matplotlib first, to avoid library referencing issues.  

2.3.  Sea Level Forecast Product Web Pages 
The forecast output is a series of four images that are uploaded every four hours to web pages 

[19] on the main PacIOOS site. The main forecast image shows the previous three days of 
observed sea level along with the coming six days of forecast sea level. This image is displayed 
with caution and brief description statements (for example, Figure 6). A second forecast 
description page (for example, Figures 7a & b) is provided for each station and is accessed via a 
link at the bottom of the first page. The second page provides both the remaining three images 
and additional information about the forecast methodology.  

The first image on the detailed description page (Fig. 7a) is a reproduction of the main image, 
but without abscissa caption. The second image shows the tidal component for the previous three 
days and the coming six days. The third image shows the previous three days of observed sea 
level minus the predicted tide (observed residual sea level) and the upcoming 6 days of the 
forecast residual sea level; this is the forecast output before adding the predicted tide.  

The main figure for each forecast displays a red line indicating very high water levels. The 
threshold has been determined statistically, as described in Section 3.5. Each location can have 
different levels of vulnerability to extreme water level. In establishing the threshold, an effort has 
been made to document the impact of sea level events that exceed the threshold and to have 
coincident corroborating information for the very high event such as images (e.g., Fig. 3) or video 
of flooding. The accumulation of documentation of the impact of high sea level events is 
ongoing.
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Figure 6.  Honolulu Hbr. high sea level forecast web page on the PacIOOS web site. 
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Figure 7a.  Top half of the supplementary web page for the Honolulu Hbr. sea level 
forecast on the PacIOOS web site, providing more details about the forecast components 
and methodology.  
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Figure 7b.  Bottom half of the supplementary web page for the Honolulu Hbr. sea level 
forecast on the PacIOOS web site, providing more details about the forecast components 
and methodology.
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3.  Analysis and Development of the Forecast Model 
Coastal sea level variability is the sum of a large number of disparate phenomena, ranging 

from infragravity waves (generated by either tsunamis, weather fronts, or interacting short-period 
swell) to tides, storm surge, long-period coastal waves, and the shoaling of offshore mesoscale 
eddies. Most of these phenomena are too weak to produce dramatic, life-threatening sea level 
changes and so have not been the focus of agencies entrusted with public safety. However, the 
sea level changes that are produced by these weaker phenomena may impact coastal areas, 
producing for example slight flooding or currents strong enough to result in damage to boats and 
harbor infrastructure where such currents are not anticipated.  

At present, there is either insufficient understanding of the cause-and-effect relationships 
between all the possible sources of sea level variability and the resultant observed sea level at any 
given coastal site, or there is insufficient data to properly observe the structures of the forcing 
phenomena in order to apply current knowledge to predict the sea level response. Consequently, 
in order to achieve the goal of a short-range forecast of sea level in protected harbors, it was 
decided to use known parametrical forecast methodologies to produce a forecast based solely on 
prior observed sea level. The construction of the prototype of the sea level forecast began with a 
re-analysis of the Honolulu sea level record. After completion of the sea level forecast 
methodology, the sea level record from each station was examined in a similar manner.  

The goal of the first part of the re-analysis of the Honolulu sea level record was to produce and 
apply a methodology to extract the most accurate estimates possible of the linear tidal 
constituents. The linear tide was then hindcast and subtracted from the sea level record. The 
resulting residual sea level was analyzed to evaluate the nature of both the remaining short-period 
(primarily diurnal and semi-diurnal) variability and the longer-period variability. Based on these 
evaluations, separate forecast schemes were developed for the residual short-period and long-
period variability. The schemes were tested with the historical sea level data in order to produce 
statistics on the expected forecast error.  

Several plots of Honolulu sea level are presented in Figure 8, in order to familiarize the reader 
with the magnitude and character of sea level variations that occur at Honolulu Hbr. Eighteen 
years of hourly sea level (sub-sampled from 6-minute data; the data was acquired from the U. H. 
Sea Level Center [12]) were analyzed for their deterministic tides, using a new method based on 
r_t_tide (an extended version of t_tide described below). A total of 68 tidal constituents (6 long-
period, 21 diurnal, 19 semi-diurnal, and 22 short-period) were fit with r_t_tide using a Cauchy 
weighting function to enhance estimation accuracy. The tide was predicted from these 
constituents for the entire 18 year record, with frequent adjustment of the appropriate lunar nodal 
factors. The predicted tide was then subtracted from the observed sea level. The residual sea level 
observations are shown in Figure 8 as the dotted blue curve. To visualize the longer period 
oscillations, a 37-hour moving average is shown in red. Hurricane Iniki’s effect can be seen in the 
first year of the record as a large spike in the top panel for the date September 11, 1992.  
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The second panel of Figure 8 expands a selected time period from 2003-2004 (between the 
black vertical bars of the top panel), illuminating the variability on a monthly scale. The third 
panel expands a steep event in February-March of 2004 (i.e., the time period between the black 
vertical bars in the second panel). There is a drop in sea level of ~20 centimeters over ten days 
during this event. 

 

 
 
Figure 8.  Time series of residual sea level (sea level minus predicted tide; blue dotted 
line) and residual sea level smoothed with a 37-hour moving average filter (in red). The 
red curve illustrates the variability due to oscillations with periods longer than the diurnal 
tides. The top panel contains the entire data set used in the analysis of Honolulu Hbr. sea 
level. The second panel is the selected time period during 2003-2004, as indicated by the 
black vertical bars in the top panel. Panel three is a section of panel two during 2004 
showing an event in which residual sea level decreased by ~20 cm in about ten days.  
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3.1 Extended Tidal Analysis 
Initially, our analysis of the Honolulu sea level record (the longest sea level record in the 

Hawaiian Is.) showed that there was still oscillatory energy at major tidal harmonics in the 
residual sea level (here referring to sea level minus tide, where the tide was estimated using 
existing published tide constituents). It was clear that the existing tide constituents were not 
accounting well for the deterministic tidal energy. In an effort to produce more accurate 
constituent estimates, the r_t_tide program of Leffler and Jay [14] was investigated; r_t_tide is a 
tide analysis package written in MATLAB code and is a modification of R. Pawlowicz’s t_tide 
package [16 ,4], which itself is a conversion to MATLAB of the FORTRAN code developed by 
Mike Foreman [3]. The r_t_tide package utilizes the program robustfit in MATLAB’s Signal 
Processing and Statistics Toolboxes to improve accuracy in resolving constituents in sea level 
data containing appreciable noise. (N.b., iteration limits for the MATLAB robustfit function 
should be increased from 50 to at least 200.)  

Leffler and Jay [14] tested different weighting functions using robustfit and found that the 
Cauchy function was optimal for the estuarine sea level data they were studying. To validate this 
result for application to the Hawaiian sea level data used in the forecast products, a number of 
records were analyzed using various weighting functions and compared to the least squares result 
from t_tide. One unexpected outcome of this testing was the discovery that the most accurate 
constituent estimates by either methodology, as measured by the amount of tidal variance 
explained, were obtained by applying the tide analysis twice, first on the original sea level data, 
and second on the residual sea level data produced by subtracting the tide predicted from the 
constituents determined in the first iteration. The final constituent estimates are then vector 
averages of the constituent estimates from the two iterations. 

A second outcome of the testing was that, as expected, the robustfit using the Cauchy function 
was often found to be more accurate than the t_tide least squares method (e.g., Figure 9), and was 
very rarely found to be less accurate. This is logical, given the first outcome described above, in 
that the residual sea level (with the first iterative estimate of the tides removed) has oscillatory 
tidal components remaining whose weak amplitudes are much closer to the “noise” amplitudes in 
the tide bands. (Here, “noise” refers to oceanic signals, e.g., internal tides, or, variability forced 
by diurnal sea breezes or insolation, that are neither the direct result of the gravitationally-forced 
oceanic tides nor coherent with the gravitationally-forced tides.)  

Figure 9 shows a result from one of the cases established to test whether the use of robustfit 
with a Cauchy weighting function in r_t_tide produced superior tidal constituent estimates than 
the least squares method of t_tide. The figure shows a portion of the semi-diurnal band energies 
after subtraction of the predicted tides based on the constituents derived from the two methods. 
The benefits of the Cauchy weighting method are apparent. 
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Figure 9.  Identical frequency bands of the Power Spectral Densities (PSDs) calculated 
from two residual sea level records are shown. The original data was a 2-year record of 
Honolulu Hbr. sea level that had two segments of data removed (14 days and 20 days) to 
simulate gaps often seen in the sea level records for many stations. White Gausian noise 
(at 10 decibels) was also added. Tide constituents were estimated by two different 
methods (see the text); the tides were then predicted with each set of constituents and 
separately subtracted from the original sea level to produce the two residual sea level 
datasets (see the legend). The tide constituent estimation by the robust fit method, with 
Cauchy weighting function, has reduced the residual variance by 39% compared to the 
least squares method. The total variance resolved by each method within the limits of the 
figure are 91.6% for least squares and 94% for robust fit as compared to the variance 
estimate from the original 2-year record with no gaps or noise. The names of a few tidal 
constituents are shown at their respective frequencies. 

 
Even with the two-iteration, robustfit tidal analyses, significant tidal energy appears to remain; 

e.g., at the MU2 constituent in Figure 9. Assuming that this is not the result of coding errors (e.g., 
errors in the calculation of the lunar nodal factors), one could imagine that, for a variety of 
geophysical or instrumental reasons, small variations of the constituent amplitudes and phases 
could occur over relatively long time periods, i.e., a time scale of many months or more. These 
variations would be averaged out in a tidal analysis based on many years of data and so would 
not be accounted for by the estimated tidal constituents. Instead, the unexplained variance caused 
by the long-time-scale variation of constituent characteristics would remain in a very narrow 
band centered on the constituent frequency.  
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For the purpose here of producing an accurate tidal forecast for just 6 days into the future, a 
reasonable solution would be to produce an estimation of tidal constituents based on multiple 
years of data, using the two iteration, robustfit methodology, and then produce a “correction” to 
these constituents based on the most recent sea level data. This strategy was partially successful, 
and was therefore used for the initial deployment of the live forecast product. However, further 
testing revealed that, depending on the record length of the most recent data, there would be 
variable amounts of tidal energy explained. Many different record lengths were tested to 
determine what was appropriate to implement in the operational code.  

This testing led to a more detailed dissection of the r_t_tide code with regard to how the nodal 
factor corrections were being handled. Eventually, an error was found within one of the code 
modules that was causing the code to only partially calculate the nodal corrections. This was 
fixed.  

The objective remained of how to most accurately estimate the deterministic tidal variability, 
given data gaps and noise, the contrary dependences of constituent resolution and nodal factor 
correction on data length, and so forth. The length of a sea level record will ostensibly determine 
how accurately the analysis can calculate the amplitude of the constituents since record length 
determines how many constituents can be resolved accurately. Greater record length allows the 
analysis to more accurately separate constituents that are nearby in frequency space. However, 
there are few records with 18 years of data, which is a rough minimum required to well resolve 
and estimate most of the constituents desired. To mitigate this well-known problem, it is 
customary to apply a “nodal factor correction” to the tidal constituent amplitudes, if appropriate, 
that accounts for constituent amplitude variations arising from the beating of two or more 
neighboring constituents that differ in frequency by either a cycle in 8.85 years, the period of the 
rotation of the moon’s orbital ellipse in its own orbital plane, or a cycle in 18.6 years, the period 
of the precession of the plane of the moon’s orbit around the earth. The method is described, for 
example, in Pawlowicz et al. [16].  

Tests of the tidal analysis methodology with record lengths from a year to decades, along with 
the practical fact that many stations do not have unbroken record lengths extending over a 
decade(s), led to the development here of a methodology based on analysis of separate 
overlapping data segments, whose constituent amplitudes and phases are then vector averaged. 
This methodology is called “Super Tide.” 

3.2.  Super Tide 

The Super Tide method of tidal analysis is based on splitting the sea level record into many 
segments whose length is not so long as to obviate the rationale for the nodal factor correction 
calculation, but is long enough to well resolve the 68 tidal constituents being sought. The final 
accuracy is then enhanced by vector averaging of the constituents estimated from each segment. 
After extensive testing, it was determined that a segment length of approximately 20 months 
produced optimal Rayleigh criteria (e.g., Godin [20]) for separation of the 68 resolved 
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constituents, while not undermining the rationale for the nodal factor corrections, and also 
produced a decent sample size of segments given the sea level records from the stations under 
consideration here. Each of these segments is calculated at six month intervals (i.e., strong 
overlap). The analysis for each segment includes a first pass of r_t_tide, then a second pass on the 
residual sea level after subtracting the predicted tide from the first pass. The amplitudes and 
phases for each constituent from each pass of r_t_tide are vector averaged to produce the 
constituent estimates for each 20-month segment.  

Error calculations in r_t_tide are accomplished using a bootstrap method. However, the Super 
Tide method uses multiple tidal decompositions of overlapped data segments, followed by vector 
averages of constituent amplitudes and phases to arrive at final constituent estimates. Thus, the 
error estimates determined from the individual segments are not easily combined into error 
estimates for the final Super Tide constituent estimates. To obtain approximate error estimates, 
the standard errors were estimated separately for the amplitude and phase (i.e., 

€ 

std n , where 
std is the standard deviation of either the amplitudes or the phases) from the n samples of 
amplitudes and phases obtained from the analyses of the n time segments (this is not the most 
accurate way to estimate the standard error of vector averages of amplitude and phase estimates, 
but is more than sufficient for the purpose here). These are the error estimates reported in the 
appendix (Section 5) containing the constituent tables for each station. Once the constituents are 
found for each of the 6-month-offset segments, the final constituent table is calculated by vector 
averaging the segment constituents.  

The final step in the analysis of the tide at each station is the reconstruction of the time series 
of the tide itself, covering the years of the observed data and projected into the future. For a given 
time interval, the r_t_tide prediction code uses the middle time of the interval to determine the 
nodal factor corrections for the various constituents. It was observed during the testing phase of 
this project that, as time deviates farther from the middle time, the nodal-corrected sea level 
becomes less accurate. This is an obvious result, since the nodal factor corrections themselves 
vary sinusoidally with periods of years. To mitigate this problem, the predicted tide is calculated 
in small intervals of 40 days at a time which yielded very good results as will be shown below. 

To illustrate the improvement in tide estimation that Super Tide yields compared to standard 
estimates of tide constituents, Figures 10 & 11 show Power Spectral Densities (PSDs) of the 
residual sea level, in diurnal and semi-diurnal frequency bands respectively, from both the 
NOAA predicted tide and Super Tide. The NOAA prediction, based on constituents provided by 
[8], has left unexplained a significant amount of tidal energy. At major constituent frequencies, 
there can be two decades or more difference in Power Spectral Density (PSD) between the 
NOAA residual spectrum and the Super Tide spectrum. The difference is important to note for 
two reasons. First, the first attempts here to produce a more accurate tide using least squares did 
yield better accuracy than the NOAA prediction, but were not nearly as good as the Super Tide 
method (for instance, recall Figure 9). The explanation for the remaining tidal energy in the 
residual sea level was not immediately apparent, and was the impetus that led us to develop the 
new Super Tide method. Second, the figures indicate quite clearly that there is little narrow band 
energy left in the residual sea level with the Super Tide method. This is especially true in the 
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diurnal frequency band (Fig. 10) that is not subject to the amplitudes of internal tide energy that 
are found at semi-diurnal frequencies and are believed to be responsible for the “cusps” of energy 
centered on the M2 & S2 constituents in Fig. 11 (e.g., Colosi and Munk [21]). This result alone 
indicates that the method is of very high accuracy. 

 

 
  
Figure 10.  Diurnal band PSDs of residual Honolulu sea level (sea level minus predicted 
tide) for 16 years beginning in Jan, 1992. The spectra are each calculated from two 
transforms of non-overlapping 8-yr data segments with no frequency band averaging. No 
data taper was applied. Every PSD point plotted is independent.  The names of some 
major constituents are shown. The black line spectrum is based on the residual sea level 
calculated using the NOAA predicted tide; the red line spectrum is based on the residual 
sea level using the Super Tide predicted tide. The 95% confidence interval is shown in 
green. The cumulative PSD across the indicated frequency band is as follows: 1120 

€ 

m2 rad s  for the NOAA residual sea level, and 476 

€ 

m2 rad s  for the Super Tide 
residual. Total PSD without the tide removed (not shown) is 1.5338 x 105 

€ 

m2 rad s.  
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Figure 11.  Semi-diurnal band PSDs of residual Honolulu sea level (sea level minus 
predicted tide) for 16 years beginning in Jan, 1992. The spectra are each calculated from 
two transforms of non-overlapping 8-yr data segments with no frequency band averaging. 
No data taper was applied. Every PSD point plotted is independent. The names of some 
major constituents are shown. The black line spectrum is based on the residual sea level 
calculated using the NOAA predicted tide; the red line spectrum is based on the residual 
sea level using the Super Tide predicted tide. The 95% confidence interval is shown in 
green. The cumulative PSD across the indicated frequency band is as follows:  3343 

€ 

m2 rad s  for the NOAA residual sea level, and 2499 

€ 

m2 rad s  for the Super Tide. Total 
PSD without the tide removed (not shown) is 1.6565 x 105 

€ 

m2 rad s . 

 
In Figure 12, the PSDs of 16 years of both observed and residual Honolulu sea level are shown 

for a broad frequency band. At the diurnal band, nearly four decades of PSD are explained with 
Super Tide. The residual sea level in the diurnal band resembles nearby out-of-band energy, with 
only weak “cusps” bracketing the main diurnal constituents. This further demonstrates that the 
deterministic Super Tide analysis has captured nearly all of the energy in the diurnal band, 
indicating that there is only a weak signature of other non-deterministic processes present in the 
motion of the sea surface at diurnal periods.  

Spectra of sea level from the other stations listed in Table 1 can be found in the appendix 
(Section 5.1). As well, tables of the tidal constituent amplitudes and phases estimated with Super 
Tide for all stations are in Section 5.2 of the appendix. 
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Figure 12.  PSDs of observed and residual Honolulu Hbr. sea level based on 16 years of sea 
level data beginning in Jan, 1992. The spectra are each calculated from two transforms of non-
overlapping 8-yr data segments with frequency band averaging. No data taper was applied. 
Every PSD point plotted is independent. The four major diurnal and semi-diurnal tidal 
constituents are indicated. The black curve is the spectrum of the observed sea level; the red 
curve is the spectrum of the residual sea level (sea level minus predicted tide using Super Tide 
constituents). The 95% confidence interval is shown in green.  
 

3.3.  Estimation of Residual Diurnal & Semi-Diurnal Variability 
As Figures 10, 11 &12 indicate, even after the subtraction of the deterministic tide there is still 

some energy left in the diurnal and semi-diurnal period bands. The next question to answer is 
whether any of this energy is predictable. One characteristic that can help determine the answer 
to this question is the time scale of the phase variability (or, the time scale over which the 
dominant wave form de-correlates) that would dictate predictability (or not) within the 6-day 
window of each forecast. To demonstrate the issue, three plots of 9-day segments of Honolulu 
residual sea level are presented in Figure 13, showing different sections that exhibit short-
duration periodic signals. 
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Figure 13.  Honolulu residual sea level (sea level minus tide) for three 9-day periods in 
2010. The top panel does not have significant well-organized diurnal or semi-diurnal 
oscillations. The second panel shows a 4-day section with a predominant semi-diurnal 
variability. The third panel has a 3-day section of clear diurnal oscillation.  
 

The types of variability seen in Figure 13 are ubiquitous in the residual sea level for not only 
Honolulu, but, to varying degrees, in each of the stations analyzed in this report. To account for 
this variability in the prediction model, the previous six days of residual sea level are analyzed 
with r_t_tide to determine the diurnal and semi-diurnal variability. As the segment is of a short 
duration, the resulting amplitudes and phases of the constituents returned by the analysis are 
broad band, but do resolve the dominant periodicities.  

An example of the prediction model is shown in Figure 14, corresponding to the diurnal 
oscillation shown in the third panel of Figure 13. To construct the prediction, the previous six 
days of residual sea level are analyzed for the predominant diurnal and semi-diurnal variability, 
as just described. This variability is subtracted from the residual sea level; the remaining signal is 
used in an ARMA model (described in Section 3.4 below) to predict the long-period (periods 
greater than a day and a half) variability for the next six days. The diurnal and semi-diurnal 
oscillations and the long-period ARMA prediction are combined to create the non-tidal 
prediction. An exponential decay is applied to the non-tidal prediction, in order to force the 
prediction at the farthest future times to trend towards a mean value, instead of towards an 
extremum. 
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Figure 14.  Example of residual sea level forecast model (red) with Honolulu residual sea 
level (blue) for the time period corresponding to the diurnal oscillations seen in Figure 13. 
The model is composed of a diurnal and semi-diurnal oscillatory prediction and long-
period ARMA model. The model compares favorably with the first few days of observed 
sea level (red dotted curve) even for this section, which is perhaps one of the most 
difficult scenarios input into the model.  

 
Figure 14 is shown here as an example to demonstrate that a six day window into the past is 

sufficient for determining the residual diurnal and semi-diurnal oscillatory components that may 
occur in the next few days. A longer time period does not appear to be warranted, as these 
oscillatory components in the residual sea level rarely persist in coherent phase for more than a 
few days. The diurnal and semi-diurnal variability are most likely influenced by internal tides or 
atmospheric phenomena. As the atmospheric variations are likely to change on time scales less 
than a week, the 6-day window was chosen as a ‘happy medium’ to eliminate the problem of 
potentially over predicting an oscillatory component with longer time periods, yet still retaining a 
useful forward looking predictor.  

One of the remarkable findings concerning the residual sea level can be seen in Figure 15 
where a comparison is made between sea level signals at Diamond Head, Honolulu Hbr., and 
Hickam Field (at the entrance to Pearl Hbr.). The Diamond Head and Hickam Field datasets are 
from the Mamala Bay Study [22]. Four different characters are visible: (i) Hickam and Honolulu 
have similar variability; (ii) all three are similar; (iii) Honolulu and Diamond Head are similar; 
and finally, (iv) all three exhibit different variability. This demonstrates the difficulty of 
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increasing the accuracy of one station by incorporating observed variability at a nearby station. 
The scales implied for the phenomena responsible for the variability, when neighboring stations 
appear to be uncorrelated, are less than the distances between the stations. This is interesting 
because the inter-station distances are rather small; the distance between Hickam and Honolulu 
stations is 10 km and the distance between the Honolulu and Diamond Head stations is 7.5 km. 
These distances are much shorter than surface tidal wave scales or atmospheric scales. 

 

        
  
Figure 15.  Sea level (shown as equivalent sub-surface pressure) for three stations; 
Diamond Head (DH - blue), Hickam Field (HF - black, at the entrance to Pearl Hbr.), and 
Honolulu Hbr. (HNL - red). The data have been demeaned and low pass filtered with a 
cutoff at 37 hours to emphasize the variability not due to direct tidal sources. This figure 
shows that there are times when the separate stations show similar variability, and times 
when each station is clearly independent of the others.  

 

3.4.  ARMA Estimation of Long-period Residual Sea Level 
Different forecast estimate methods were tested following the hierarchy of ARMA 

functions in MATLAB. It was determined that Prony’s method [15] afforded the greatest stability 
vs. accuracy for the problem of forecasting the long-period residual sea level. The algorithm is 
designed to find an IIR filter with a specific time domain response. The function, [b,a] = 
prony(x,n,m), models the signal ‘x’ with the specified number of poles and zeros. The numerator 
order is ‘n’ and denominator order is ‘m’ in the following, showing the returned vectors of filter 
coefficients b and a: 
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€ 

H(z) =
B(z)
A(z)

=
b(1) + b(2)z−1 + ...+ b(n +1)z−n

a(1) + a(2)z−1 + ...+ a(m +1)z−m                                 (1) 

A number of tests were run to determine the most stable set of (n,m) for the residual sea level 
data and it was found that (2,7) minimizes the occurrence of unstable results.  

The long-period forecast takes the ARMA model calculated for the six days in the future and 
then applies an exponential decay. This is done once, and the result is tested for stability, i.e. does 
the sixth day stay within ±30 cm of the min/max for the previous six days? If the long-period 
forecast is still unstable, a second exponential is applied, ensuring that the forecast trend does not 
lead toward unrealistic values. A final ‘fatal ARMA error’ check is done after the second 
exponential decay is applied, and, if the ARMA has still failed, it’s replaced by a much simpler 
forecast, i.e., a mean plus an extrapolated linear trend, which is then treated in the processing 
above as if it were the initial ARMA forecast. 

This procedure was developed to prevent unstable ARMA predictions from influencing the 
final forecast. A more sophisticated alternative could be implemented here, but it is unlikely that 
it would significantly increase the overall utility of the sea level forecast since the long-period 
anomalies are small and the instabilities only significantly impact the longest-range forecasts 
(beyond 3 days). To achieve a more sophisticated alternative would also require further research 
and testing.  

Four examples of an actual long-period prediction are displayed in Figure 16. The first panel 
at the top of Figure 16 displays an example of when the ARMA analysis of the previous six days 
did not yield an accurate representation of the ensuing sea level. The black curve is the observed 
sea level low-pass-filtered with a filter 36 hours wide. The previous six days from ‘now’ (or zero 
day) show a slight long-period oscillation that begins to trend downward near the zero day. The 
Prony method, with the coefficients determined from the 6 days of prior sea level data, was not 
able to ‘turn down’. However, the prediction does not exceed the indicated error bars. (The error 
bar estimator is described in Section 3.5.)  

In the second panel, calculated 1.5 days later, the ARMA has begun to ‘see’ the downturn, and 
is predicting the first few days with high accuracy. The final two panels in Figure 16 indicate that 
the ARMA has very accurately predicted the ensuing long-period sea level. These examples 
highlight the difficulty and success of the long-period model. The prediction is quite accurate 
when the changing long-period sea level is fairly uniform or changing slowly. However, when 
there is a distinct deviation within the previous two days or less, the method can yield spurious 
results, as indicated in the top panel.  
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Figure 16.  Examples of long-period forecast model runs compared with historical data at 
four successive 1.5 day intervals. In the top panel, the long-period component of the 
forecast has missed the downturn in the actual ensuing sea level, although the forecast 
remains within the error bars (described in Section 3.5). As time moves on, the successive 
ARMA forecasts are able to yield higher accuracy of the more gently varying long-period 
variability. The ordinate axes are in meters. 
 

3.5.  Prediction Error Estimate 

To determine how accurately the forecast code simulates the actual sea level, a series of 
tests were performed on historical data to quantify the uncertainty. At a minimum, one can expect 
the worst case uncertainty to be maximally the range of the residual sea level over long periods of 
time. This range can be influenced by shifts in the sea level due to annual, interannual, and 
decadal variability (e.g., Fig. 8), and even longer-term trends, as well as the shorter-period 
variations obvious in a 6-day time period.  

Over the total time period displayed in Figure 8, there is approximately a  ±20	  cm	  range	  of	  
variability. A sea level trend is not apparent in this section of time, but is reported to be 1.50 
millimeters/year with a 95% confidence interval of ±0.25 mm/yr based on monthly mean sea 
level data from 1905 to 2006 [7]. To determine a short-term maximum range for use on recent 
short-term data, the trend can be ignored for the Honolulu station. Disregarding the long-term 
trend, it is clear from the third panel in Figure 8 that short-term non-tidal variability could be as 
high as ±10	  cm	  given the event shown.  
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To establish an uncertainty range, three years of historical Honolulu Hbr. sea level data were 
tested daily to check the accuracy of the forecast. At each day, the forecast residual sea level and 
the actual “future” residual sea level were recorded for 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, and 
6.0 days ahead. In Figure 17, the values are shown for the 1.0, 2.0, and 6.0-day intervals. It’s 
clear from the figure that as the forecast time period increases, the width of the ‘cloud’ of points 
increases (measured from the line shown with a slope of one, the ‘perfect correspondence’ 
curve).

 
Figure 17.  Scatter plot of Honolulu Hbr. forecast residual sea level vs. observed residual 
sea level (sea level minus tide) for the look ahead times of one day (blue), two days 
(magenta), and six days (red). The residual sea level samples were calculated from three 
years of historical sea level at Honolulu Hbr. beginning in 2007. The ‘cloud’ for each set 
of points gets wider, indicating greater uncertainty, as the forecast time period increases. 
Each cloud contains 1089 points. 
 

The standard deviation of the forecast minus the observed residuals was calculated for each of 
the forecast time periods, and a sixth order polynomial function was least squares fit to the 
standard deviations. The fit is shown in Figure 18 where the curves for each of the Hawaiian 
stations follow a roughly logarithmic increase. The error (one standard deviation) for Honolulu 
(black) at a 6-day lead is ~7 cm. For each forecast time in the operational forecasts, the standard 
deviations based on curves such as in Fig. 18 are used for the ‘±’	  error ranges, effectively 
showing the range that will include the true residual sea level 66% of the time. 
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Figure18.  Standard deviation curves derived from daily forecasts of historical data over 
3 years from 2007-2010 at each station in the Hawaiian Islands. The curves are sixth 
order polynomial fits to the standard deviations of the ‘forecast minus actual’ residual sea 
levels for the look ahead times of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, and 6.0 days. The 
standard deviations estimated for Kawaihae (blue circled crosses) and Mokuoloe 
(magenta circled crosses), used to create the respective polynomic fits, are shown as 
examples.  

 

3.6.  High Sea Level Determination 
In order to provide a visual aid for quick evaluation of the exigency of the sea level 

forecasts, a statistical description of exceptionally high sea level was chosen that would be 
relevant to each location yet universal in application. The statistic chosen is the 2% exceedance 
of daily Higher High Water (HHW) based on the historical record at each station. The 2% 
exceedance level is the level above which it would be expected that 2% of the HHWs would 
reach in any given time period. HHW is the higher of the two high waters of a tidal day if the tide 
is primarily semi-diurnal or a mixed diurnal and semi-diurnal type. It is the single daily high 
water if the tide is purely diurnal.  
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For each station with the exception of Honolulu, the high sea level (2% HHW exceedance) 
threshold was calculated after removing first any tsunami signals and then the linear trend from 
the sea level data. The daily HHWs were extracted and a percentile distribution created. The sea 
level height at the top 2% cut was determined. This value is added to the mean sea level from the 
most recent two years of sea level to create the high sea level thresholds on the forecast plots. The 
2-year period for the mean was chosen in order to avoid a bias by annual or semi-annual 
variability. Using the two most recent years, as opposed to the mean of the full record, ensures 
proper consideration of the effects of long-term sea level changes, which could be significant for 
some of the stations for which the forecast products are created.  

As an example, from 18 years of sea level observations there would be 6574 daily HHW 
observations, and there would be 131 observations that are greater than the 2% cuttoff. In any 
given year, there would be a statistical expectation that approximately seven events would exceed 
the 2% threshold. The accuracy of the calculation of the high water threshold does not depend 
heavily on the length of the historical sea level record; for instance, with only six years of data 
there would still be ~40 observations exceeding the threshold which is sufficient to define the 
magnitude of the threshold.  

For Honolulu Hbr., there is ample evidence of flooding in nearby neighborhoods (e.g., Figure 
3) that permitted the determination of a sea level threshold for the flooding. This threshold is 
provided in Honolulu’s forecast (Figures 1, 2, 7).  
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4.  Summary of Potential Refinements 
There are two clear topics whose investigation may yield an increase in accuracy of the 

forecast model. The first topic is the identification of variability at each station that is due to 
atmospheric forcing and/or open ocean eddies that could be predicted based on correlation with 
nearby stations or remote observations, e.g., satellite data. Eddy propagation and evolution in the 
region of the Hawaiian Islands has been observed for many years. The slow evolution of the eddy 
field around Oahu could be predictable on the multi-day time scales relevant to the model 
forecasts, potentially from observations of the eddy field or from data-assimilating numerical 
models [17].  

This correlation approach should be investigated in detail for both altimeter-derived sea level 
data and model forecast output of sub-diurnal variability [17]. To accomplish this would require 
extensive multi-year analyses of data and model output, as well as development and integration 
of operational products into the existing harbor forecasts. Although significant R&D would be 
required, the known nature of the variability suggests a high probability for establishing a 
significant connection in the sub-diurnal bands between stations where the harbor forecasts are 
made and nearby or extra local regions, offering a definite increase in forecast accuracy. This 
effort could be extended to include atmospheric variability in the same manner, to further resolve 
elements of the long-period variability. Even modest statistical correlations could accumulate to 
significantly increase the accuracy of the long-period component of the model 

The second topic that could result in an increase in the predictive accuracy of the forecast 
concerns the sophistication of the analysis of the prior six days of sea level. The analysis is 
currently split into a long-period component and an oscillatory component. For the long-period 
component, an adaptive ARMA or other type of filter (such as Kalman filter) could yield 
incremental increases in accuracy. For the oscillatory component, the decision to use  r_t_tide  to 
identify the predominant diurnal and semi-diurnal motions in the residual sea level was partly a 
matter of expedience. However, it is common to see the diurnal or semi-diurnal oscillations last 
for only a few days, which impacts the forecasting of those oscillations, since in the 
reconstruction the oscillatory amplitude is set for the duration of the forecast. A more 
sophisticated oscillatory analysis could be developed using wavelet techniques, amplitude 
envelopes, or a combination of techniques.  
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5.  Appendix 

5.1.  Sea Level Spectra 
This appendix presents representative spectra of sea level from each of the stations (except 

Honolulu Hbr.) for which a sea level forecast is created. Honolulu spectra are in Section 3.2. 
Many of the sea level records contain significant gaps (see Table 2 in Section 5.2). To bridge the 
missing data for the spectra estimation, the predicted tide was calculated from the Super Tide 
harmonic constituents, added to a linear interpolation of the residual sea level across the gap, and 
the total inserted into the gap. This procedure, arguably, will not introduce extra deterministic 
tidal energy into the resulting spectra.  

5.1.1.  Spectra of Hilo Hbr. sea level are shown in Figures 19, 20, and 21.

 
Figure 19.  Power Spectral Densities (PSDs) of observed and residual Hilo Hbr. sea level 
based on 16 years of sea level data beginning in Jan, 1991. Each PSD is calculated from 
two transforms of non-overlapping 8-yr data segments with frequency band averaging. No 
data taper was applied. Every PSD point plotted is independent. The four major diurnal 
and semi-diurnal tidal constituents are indicated. The black curve is the spectrum of the 
observed sea level; the red curve is the spectrum of the residual sea level (sea level minus 
predicted tide using Super Tide constituents). The 95% confidence intervals for 
independent points are shown in green. The inertial frequency ‘f ’ is indicated at the top. 
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Figure 20.  Diurnal	  band	  PSDs	  of	  observed	  and	  residual	  Hilo	  Hbr.	  sea	  level	  for	  16	  
years	  beginning	  in	  Jan,	  1991.	  The	  spectra	  are	  each	  calculated	  from	  two	  transforms	  of	  
non-‐overlapping	  8-‐yr	  data	  segments	  with	  no	  frequency	  band	  averaging.	  No	  data	  
taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  names	  of	  some	  major	  
constituents	  are	  shown.	  The	  black	  curve	  is	  the	  observed	  sea	  level	  PSD;	  in	  red	  is	  the	  
residual	  sea	  level	  PSD	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  constituents).	  
The 95% confidence intervals for independent points are shown in green. 
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Figure 21.  Semi-diurnal band PSDs of observed and residual Hilo Hbr. sea level for 16 
years beginning in Jan, 1991. The spectra are each calculated from two transforms of non-
overlapping 8-yr data segments with no frequency band averaging. No data taper was 
applied. Every PSD point plotted is independent. The names of some major constituents 
are shown. The black curve is the observed sea level PSD; in red is the residual sea level 
PSD (sea level minus predicted tide using Super Tide constituents). The 95% confidence 
intervals for independent points are shown in green.  
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5.1.2.  Spectra of Kahului Hbr. sea level are shown in Figures 22, 23, and 24.
 

 

 
  
 
Figure 22. PSDs of observed and residual Kahului Hbr. sea level based on 13.7 years of 
sea level data beginning in Jan, 1996. The spectra are each calculated from a single 
transform with frequency band averaging. No data taper was applied. Every PSD point 
plotted is independent. The four major diurnal and semi-diurnal tidal constituents are 
indicated. The black curve is the spectrum of the observed sea level; the red curve is the 
spectrum of the residual sea level (sea level minus predicted tide using Super Tide 
constituents). The 95% confidence intervals for independent points are shown in green. 
The inertial frequency ‘f ’ is indicated at the top. 
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Figure 23.  Diurnal	  band	  PSDs	  of	  observed	  and	  residual	  Kahului	  Hbr.	  sea	  level	  for	  
13.7	  years	  beginning	  in	  Jan,	  1996.	  The	  spectra	  are	  each	  calculated	  from	  a	  single	  
transform	  with	  no	  frequency	  band	  averaging.	  No	  data	  taper	  was	  applied.	  Every	  PSD	  
point	  plotted	  is	  independent.	  The	  names	  of	  some	  major	  constituents	  are	  shown.	  The	  
black	  curve	  is	  the	  observed	  sea	  level	  PSD;	  in	  red	  is	  the	  residual	  sea	  level	  PSD	  (sea	  
level	  minus	  predicted	  tide	  using	  Super	  Tide	  constituents).	  The 95% confidence 
intervals for independent points are shown in green.	  
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Figure 24.  Semi-diurnal	  band	  PSDs	  of	  observed	  and	  residual	  Kahului	  Hbr.	  sea	  level	  
for	  13.7	  years	  beginning	  in	  Jan,	  1996.	  The	  spectra	  are	  each	  calculated	  from	  a	  single	  
transform	  with	  no	  frequency	  band	  averaging.	  No	  data	  taper	  was	  applied.	  Every	  PSD	  
point	  plotted	  is	  independent.	  The	  names	  of	  some	  major	  constituents	  are	  shown.	  The	  
black	  curve	  is	  the	  observed	  sea	  level	  PSD;	  in	  red	  is	  the	  residual	  sea	  level	  PSD	  (sea	  
level	  minus	  predicted	  tide	  using	  Super	  Tide	  constituents).	  The 95% confidence 
intervals for independent points are shown in green.	  
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5.1.3.  Spectra of Kawaihae Hbr. sea level are shown in Figures 25, 26, and 27.
 

 

 
  
 
Figure 25. PSDs	  of	  observed	  and	  residual	  Kawaihae	  Hbr.	  sea	  level	  based	  on	  12	  years	  
of	  sea	  level	  data	  beginning	  in	  Jan,	  1999.	  The	  spectra	  are	  each	  calculated	  from	  two	  
transforms	  of	  overlapping	  8-‐yr	  data	  segments	  with	  frequency	  band	  averaging.	  No	  
data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  four	  major	  
diurnal	  and	  semi-‐diurnal	  tidal	  constituents	  are	  indicated.	  The	  black	  curve	  is	  the	  
spectrum	  of	  the	  observed	  sea	  level;	  the	  red	  curve	  is	  the	  spectrum	  of	  the	  residual	  sea	  
level	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  constituents).	  The 95% 
confidence intervals for independent points are shown in green. The inertial frequency ‘f ’ 
is indicated at the top. 
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Figure 26.  	  Diurnal	  band	  PSDs	  of	  observed	  and	  residual	  Kawaihae	  Hbr.	  sea	  level	  for	  
12	  years	  beginning	  in	  Jan,	  1999.	  The	  spectra	  are	  each	  calculated	  from	  two	  
transforms	  of	  overlapping	  8-‐yr	  data	  segments	  with	  no	  frequency	  band	  averaging.	  No	  
data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  names	  of	  some	  
major	  constituents	  are	  shown.	  The	  black	  curve	  is	  the	  observed	  sea	  level	  PSD;	  in	  red	  
is	  the	  residual	  sea	  level	  PSD	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  
constituents).	  The 95% confidence intervals for independent points are shown in green.	  
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Figure 27.  Semi-diurnal band PSDs of observed and residual Kawaihae Hbr. sea level for 
12 years beginning in Jan, 1999. The spectra are each calculated from two transforms of 
overlapping 8-yr data segments with no frequency band averaging. No data taper was 
applied. Every PSD point plotted is independent. The names of some major constituents 
are shown. The black curve is the observed sea level PSD; in red is the residual sea level 
PSD (sea level minus predicted tide using Super Tide constituents). The 95% confidence 
intervals for independent points are shown in green. 
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5.1.4.  Spectra of Mokuoloe Is. sea level are shown in Figures 28, 29, and 30.
 

 

 
  
 
Figure 28. PSDs	  of	  observed	  and	  residual	  Mokuoloe	  Is.	  sea	  level	  based	  on	  12	  years	  of	  
sea	  level	  data	  beginning	  in	  Jan,	  1999.	  The	  spectra	  are	  each	  calculated	  from	  two	  
transforms	  of	  overlapping	  8-‐yr	  data	  segments	  with	  frequency	  band	  averaging.	  No	  
data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  four	  major	  
diurnal	  and	  semi-‐diurnal	  tidal	  constituents	  are	  indicated.	  The	  black	  curve	  is	  the	  
spectrum	  of	  the	  observed	  sea	  level;	  the	  red	  curve	  is	  the	  spectrum	  of	  the	  residual	  sea	  
level	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  constituents).	  The 95% 
confidence intervals for independent points are shown in green. The inertial frequency ‘f ’ 
is indicated at the top. 
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Figure 29.  	  Diurnal	  band	  PSDs	  of	  observed	  and	  residual	  Mokuoloe	  Is.	  sea	  level	  for	  12	  
years	  beginning	  in	  Jan,	  1999.	  The	  spectra	  are	  each	  calculated	  from	  two	  transforms	  of	  
overlapping	  8-‐yr	  data	  segments	  with	  no	  frequency	  band	  averaging.	  No	  data	  taper	  
was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  names	  of	  some	  major	  
constituents	  are	  shown.	  The	  black	  curve	  is	  the	  observed	  sea	  level	  PSD;	  in	  red	  is	  the	  
residual	  sea	  level	  PSD	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  constituents).	  
The 95% confidence intervals for independent points are shown in green.	  
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Figure 30.  Semi-‐diurnal	  band	  PSDs	  of	  observed	  and	  residual	  Mokuoloe	  Is.	  sea	  level	  
for	  12	  years	  beginning	  in	  Jan,	  1999.	  The	  spectra	  are	  each	  calculated	  from	  two	  
transforms	  of	  overlapping	  8-‐yr	  data	  segments	  with	  no	  frequency	  band	  averaging.	  No	  
data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  names	  of	  some	  
major	  constituents	  are	  shown.	  The	  black	  curve	  is	  the	  observed	  sea	  level	  PSD;	  in	  red	  
is	  the	  residual	  sea	  level	  PSD	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  
constituents).	  The 95% confidence intervals for independent points are shown in green.	  
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5.1.5.  Spectra of Nawiliwili Hbr. sea level are shown in Figures 31, 32, and 33.
 

 

 
  
 
Figure 31.   PSDs of observed and residual Nawiliwili Hbr. sea level based on 12 years of 
sea level data beginning in Jan, 1999. The spectra are each calculated from two 
transforms of overlapping 8-yr data segments with frequency band averaging. No data 
taper was applied. Every PSD point plotted is independent. The four major diurnal and 
semi-diurnal tidal constituents are indicated. The black curve is the spectrum of the 
observed sea level; the red curve is the spectrum of the residual sea level (sea level minus 
predicted tide using Super Tide constituents). The 95% confidence intervals for 
independent points are shown in green. The inertial frequency ‘f ’ is indicated at the top. 
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Figure 32.  Diurnal	  band	  PSDs	  of	  observed	  and	  residual	  Nawiliwili	  Hbr.	  sea	  level	  for	  
12	  years	  beginning	  in	  Jan,	  1999.	  The	  spectra	  are	  each	  calculated	  from	  two	  
transforms	  of	  overlapping	  8-‐yr	  data	  segments	  with	  no	  frequency	  band	  averaging.	  No	  
data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  names	  of	  some	  
major	  constituents	  are	  shown.	  The	  black	  curve	  is	  the	  observed	  sea	  level	  PSD;	  in	  red	  
is	  the	  residual	  sea	  level	  PSD	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  
constituents).	  The 95% confidence intervals for independent points are shown in green.	  
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Figure 33.  Semi-diurnal band PSDs of observed and residual Nawiliwili Hbr. sea level 
for 12 years beginning in Jan, 1999. The spectra are each calculated from two transforms 
of overlapping 8-yr data segments with no frequency band averaging. No data taper was 
applied. Every PSD point plotted is independent. The names of some major constituents 
are shown. The black curve is the observed sea level PSD; in red is the residual sea level 
PSD (sea level minus predicted tide using Super Tide constituents). The 95% confidence 
intervals for independent points are shown in green. 
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5.1.6.  Spectra of Kwajalein Atoll sea level are shown in Figures 34, 35, and 36.
 

 

 
  
 
Figure 34.  PSDs	  of	  observed	  and	  residual	  Kwajalein	  Atoll	  sea	  level	  based	  on	  16	  
years	  of	  sea	  level	  data	  beginning	  in	  May,	  1990.	  The	  spectra	  are	  each	  calculated	  from	  
two	  transforms	  of	  non-‐overlapping	  8-‐yr	  data	  segments	  with	  frequency	  band	  
averaging.	  No	  data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  
four	  major	  diurnal	  and	  semi-‐diurnal	  tidal	  constituents	  are	  indicated.	  The	  black	  curve	  
is	  the	  spectrum	  of	  the	  observed	  sea	  level;	  the	  red	  curve	  is	  the	  spectrum	  of	  the	  
residual	  sea	  level	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  constituents).	  The 
95% confidence intervals for independent points are shown in green.  
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Figure 35.  Diurnal band PSDs of observed and residual Kwajalein Atoll sea level for 16 
years beginning in May, 1990. The spectra are each calculated from two transforms of 
non-overlapping 8-yr data segments with no frequency band averaging. No data taper was 
applied. Every PSD point plotted is independent. The names of some major constituents 
are shown. The black curve is the observed sea level PSD; in red is the residual sea level 
PSD (sea level minus predicted tide using Super Tide constituents). The 95% confidence 
intervals for independent points are shown in green. 
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Figure 36.  Semi-‐diurnal	  band	  PSDs	  of	  observed	  and	  residual	  Kwajalein	  Atoll	  sea	  
level	  for	  16	  years	  beginning	  in	  May,	  1990.	  The	  spectra	  are	  each	  calculated	  from	  two	  
transforms	  of	  non-‐overlapping	  8-‐yr	  data	  segments	  with	  no	  frequency	  band	  
averaging.	  No	  data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  
names	  of	  some	  major	  constituents	  are	  shown.	  The	  black	  curve	  is	  the	  observed	  sea	  
level	  PSD;	  in	  red	  is	  the	  residual	  sea	  level	  PSD	  (sea	  level	  minus	  predicted	  tide	  using	  
Super	  Tide	  constituents).	  The 95% confidence intervals for independent points are 
shown in green.	  
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5.1.7.  Spectra of Majuro Atoll sea level are shown in Figures 37, 38, and 39.
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Figure 37.  PSDs	  of	  observed	  and	  residual	  Majuro	  Atoll	  (Uliga	  dock)	  sea	  level	  based	  
on	  8	  years	  of	  sea	  level	  data	  beginning	  in	  Aug.,	  2003.	  The	  spectra	  are	  each	  calculated	  
from	  two	  transforms	  of	  non-‐overlapping	  4-‐yr	  data	  segments	  with	  frequency	  band	  
averaging.	  No	  data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  
four	  major	  diurnal	  and	  semi-‐diurnal	  tidal	  constituents	  are	  indicated.	  The	  black	  curve	  
is	  the	  spectrum	  of	  the	  observed	  sea	  level;	  the	  red	  curve	  is	  the	  spectrum	  of	  the	  
residual	  sea	  level	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  constituents).	  The 
95% confidence intervals for independent points are shown in green.	  
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Figure 38.  Diurnal band PSDs of observed and residual Majuro Atoll (Uliga dock) sea level for 
8 years beginning in Aug., 2003. The spectra are each calculated from two transforms of non-
overlapping 4-yr data segments with no frequency band averaging. No data taper was applied. 
Every PSD point plotted is independent. The names of some major constituents are shown. The 
black curve is the observed sea level PSD; in red is the residual sea level PSD (sea level minus 
predicted tide using Super Tide constituents). The 95% confidence intervals for independent 
points are shown in green. 
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Figure 39.  Semi-diurnal band PSDs of observed and residual Majuro Atoll (Uliga dock) sea 
level for 8 years beginning in Aug., 2003. The spectra are each calculated from two transforms of 
non-overlapping 4-yr data segments with no frequency band averaging. No data taper was 
applied. Every PSD point plotted is independent. The names of some major constituents are 
shown. The black curve is the observed sea level PSD; in red is the residual sea level PSD (sea 
level minus predicted tide using Super Tide constituents). The 95% confidence intervals for 
independent points are shown in green. Due to the shorter datasets used here in comparison with 
the other stations, spectral leakage from the major tide constituents in the spectrum of the 
observed sea level (black curve) is severe and produces the incorrect impression of high 
“background” PSD levels compared with the residual PSD. 
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5.1.8.  Spectra of Pago Pago Hbr. sea level are shown in Figures 40, 41, and 42.
 
 
  

 
  
 
Figure 40.  PSDs	  of	  observed	  and	  residual	  Pago	  Pago	  Hbr.	  sea	  level	  based	  on	  12	  years	  
of	  sea	  level	  data	  beginning	  in	  Jan,	  1999.	  The	  spectra	  are	  each	  calculated	  from	  two	  
transforms	  of	  overlapping	  8-‐yr	  data	  segments	  with	  frequency	  band	  averaging.	  No	  
data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  four	  major	  
diurnal	  and	  semi-‐diurnal	  tidal	  constituents	  are	  indicated.	  The	  black	  curve	  is	  the	  
spectrum	  of	  the	  observed	  sea	  level;	  the	  red	  curve	  is	  the	  spectrum	  of	  the	  residual	  sea	  
level	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  constituents).	  The 95% 
confidence intervals for independent points are shown in green.	  
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Figure 41.  Diurnal	  band	  PSDs	  of	  observed	  and	  residual	  Pago	  Pago	  Hbr.	  sea	  level	  for	  
12	  years	  beginning	  in	  Jan,	  1999.	  The	  spectra	  are	  each	  calculated	  from	  two	  
transforms	  of	  overlapping	  8-‐yr	  data	  segments	  with	  no	  frequency	  band	  averaging.	  No	  
data	  taper	  was	  applied.	  Every	  PSD	  point	  plotted	  is	  independent.	  The	  names	  of	  some	  
major	  constituents	  are	  shown.	  The	  black	  curve	  is	  the	  observed	  sea	  level	  PSD;	  in	  red	  
is	  the	  residual	  sea	  level	  PSD	  (sea	  level	  minus	  predicted	  tide	  using	  Super	  Tide	  
constituents).	  The 95% confidence intervals for independent points are shown in green.	  
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Figure 42.  Semi-‐diurnal band PSDs of observed and residual Pago Pago Hbr. sea level 
for 12 years beginning in Jan, 1999. The spectra are each calculated from two transforms 
of overlapping 8-yr data segments with no frequency band averaging. No data taper was 
applied. Every PSD point plotted is independent. The names of some major constituents 
are shown. The black curve is the observed sea level PSD; in red is the residual sea level 
PSD (sea level minus predicted tide using Super Tide constituents). The 95% confidence 
intervals for independent points are shown in green.	  
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5.2.  Tables of Tide Constituent Amplitudes and Greenwich Phases 

Tables in this section list the tidal constituent amplitudes and Greenwich phases for a total	  of	  
68	  tidal	  constituents	  (6	  long-‐period,	  21	  diurnal,	  19	  semi-‐diurnal,	  and	  22	  short-‐period)	  
determined by the Super Tide analysis of sea level data (Section 3.2) from each station listed in 
Table 1 (Section 1). Table 3 for Honolulu Hbr. also includes the reported constituent amplitudes 
and phases used in the NOAA tide prediction [8] for comparison.  

Table	  2	  lists	  the	  time	  periods	  and	  total	  lengths	  of	  the	  gaps	  of	  the	  data	  employed	  in	  the	  
Super	  Tide	  analyses.	  For	  all	  Super	  Tide	  analyses	  presented	  here,	  hourly	  sea	  level	  data	  was	  
obtained	  from	  the	  U.H.	  Sea	  Level	  Center	  [12].	  Except	  for	  Majuro,	  the	  hourly	  data	  are	  simply	  
sub-‐samples	  of	  the	  original	  verified	  6-‐minute	  data	  supplied	  by	  the	  responsible	  agency.	  For	  
Majuro,	  the	  original	  verified	  6-‐minute	  data	  were	  low-‐pass	  filtered	  at	  the	  UHSLC	  with	  a	  
Cosine-‐Lanczos	  filter	  (cutoff	  of	  120	  min.)	  before	  sub-‐sampling	  to	  an	  hourly	  grid.	  

While	  all	  the	  original	  data	  were	  nominally	  on	  6-‐minute	  sample	  intervals,	  in	  fact	  these	  
data	  are	  actually	  3-‐minute	  averages	  of	  1-‐second	  samples	  (UHSLC	  [12];	  and,	  CO-OPS Sensor 
Specifications and Measurement Algorithms [9]). The sub-sampling to hourly time series for all 
stations except Majuro (which was low-pass filtered before sub-sampling) means that variability 
in the infragravity wave band (here, approximately 6 minutes to 2 hours periods) will be aliased 
into the variability at periods longer than 2 hours, that is, the “noise” level in the tide bands will 
be slightly higher than it should be, and therefore the error bars in the following tables are 
slightly larger than they should be. Although it is known that most of the stations under 
consideration are subject to varying levels of infragravity wave activity, these waves are quite 
weak compared to even the background energy within the major tide bands. The impact of the 
aliasing on tide constituent estimation was studied with a variety of simulations and was found to 
be minuscule.	  

Table	  2.	  	  Sea	  Level	  Records	  Employed	  for	  Estimating	  Tidal	  Constituents	  with	  Super	  Tide	  

Name	   Latitude	   Longitude	   Start	   End	   Length	  (hr)	   Gap	  Total	  (hr)	  	   	   	   	   	   	   	  
Hilo	   19o	  43.8’	  N	   155o	  03.3’	  W	   01/01/91	   03/31/11	   177047	   431	  	   	   	   	   	   	   	  

Honolulu	   21o	  18.4’	  N	   157o	  52.0’	  W	   04/24/92	   03/31/11	   165983	   0	  	   	   	   	   	   	   	  
Kahului	   20o	  53.7’	  N	   156o	  28.6’	  W	   01/01/96	   01/31/11	   131760	   478	  	   	   	   	   	   	   	  
Kawaihae	   20o	  02.1’	  N	   155o	  49.7’	  W	   01/01/99	   01/31/11	   104471	   1463	  	   	   	   	   	   	   	  
Mokuoloe	   21o	  25.9’	  N	   157o	  47.4’	  W	   01/01/92	   01/31/11	   166545	   757	  	   	   	   	   	   	   	  
Nawiliwili	   21o	  57.2’	  N	   159o	  21.3’	  W	   01/01/87	   01/31/11	   208500	   2626	  	   	   	   	   	   	   	  	   	   	   	   	   	   	  

Kwajalein	   08o	  43.9’	  N	   167o	  44.1’	  E	   05/01/90	   03/20/11	   181054	   2040	  	   	   	   	   	   	   	  
Majuro	   07o	  06.3’	  N	   171o	  22.3’	  W	   05/13/93	   08/31/11	   160416	   3200	  
Pago	  Pago	   14o	  16.8’	  S	   170o	  41.4’	  W	   01/01/96	   01/31/12	   135135	   5863	  	   	   	   	   	   	   	  	   	   	   	   	   	   	  
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Table 3.  Honolulu Hbr. Tidal Constituents  
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Table	  4.	  	  Hilo	  Hbr.	  Tide	  Constituents	  
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Table	  5.	  	  Kahului	  Hbr.	  Tide	  Constituents	  
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Table	  6.	  	  Kawaihae	  Hbr.	  Tide	  Constituents	  
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Table	  7.	  	  Mokuoloe	  Is.	  Tide	  Constituents	  
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Table	  8.	  	  Nawiliwili	  Hbr.	  Tide	  Constituents	  
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Table	  9.	  	  Kwajalein	  Atoll	  Tide	  Constituents	  
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Table	  10.	  	  Majuro	  Atoll	  Tide	  Constituents	  
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Table	  11.	  	  Pago	  Pago	  Hbr.,	  Samoa,	  Tide	  Constituents	  
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