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Abstract 

The quantification of storm surge is vital for flood hazard assessment in 
communities affected by coastal storms. The astronomical tide is an integral 
component of the total still water level needed for accurate storm surge 
estimates. Coastal hazard analysis methods, such as the Coastal Hazards 
System and the StormSim Coastal Hazards Rapid Prediction System, 
require thousands of hydrodynamic and wave simulations that are 
computationally expensive. In some regions, the inclusion of astronomical 
tides is neglected in the hydrodynamics and tides are instead incorporated 
within the probabilistic framework. There is a need for a rapid, reliable, and 
accurate tide prediction methodology to provide spatially dense 
reconstructed or predicted tidal time series for historical, synthetic, and 
forecasted hurricane scenarios. A methodology is proposed to combine the 
tidal harmonic information from the spatially dense Advanced Circulation 
hydrodynamic model tidal database with a rapid tidal reconstruction and 
prediction program. In this study, the Unified Tidal Analysis program was 
paired with results from the tidal database. This methodology will produce 
reconstructed (i.e., historical) and predicted tidal heights for coastal 
locations along the United States eastern seaboard and beyond and will 
contribute to the determination of accurate still water levels in coastal 
hazard analysis methods. 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

Through a combination of rainfall, storm surge, wind, and waves, coastal 
storms can have dramatic negative impacts to coastal communities and 
the national economy. Since 2005, the top five most destructive storms 
have resulted in a staggering combined $485.9 billion (US dollars) in 
damages (https://www.ncdc.noaa.gov/billions). Storm surge is defined as the storm-
induced increase in the water surface elevation above the expected 
astronomical tide. Storm-induced water level increases are primarily a 
result of the winds and low atmospheric pressure associated with tropical 
cyclones (TCs) and extratropical cyclones (XCs) and are typically the most 
significant source of flooding in the coastal environment. The 
quantification of storm surge is an integral component of the flood hazard 
assessment of structures and facilities located in coastal areas.  

1.1 Background  

In the Atlantic basin, tropical cyclones are generally referred to as 
hurricanes. As a hurricane approaches the coastline, both the timing of 
landfall and the level of the astronomical tide at the landfall location are 
critical in determining the magnitude of the still water level (i.e., storm 
surge + wave setup + astronomical tide). Advancements in 
high-performance computing and numerical modeling have resulted in the 
development of high-fidelity storm surge and wave simulation models that 
produce an accurate and detailed representation of physical 
(hydrodynamic) processes that can support high-accuracy forecasting 
applications. 

Coastal hazard analysis methods typically include a large suite of coupled 
hydrodynamic and wave model simulations that predict the storm 
response of several hundred to thousands of TC and XC scenarios. For 
example, the Advanced Circulation (ADCIRC) hydrodynamic model 
(Luettich et al. 1992; Westerink et al. 1993) and the Steady-State Spectral 
Wave model (Massey et al. 2011) are commonly coupled for such purposes. 
Storm responses, as well as the corresponding probabilistic coastal hazard 
analysis parameters (e.g., annual exceedance probability), are written to 
select numerical save points representing physical locations of interest 
within the study domain. This practice is true for large regional studies 
such as the North Atlantic Coast Comprehensive Study (NACCS) (Nadal-
Caraballo et al. 2015) and the ongoing South Atlantic Coastal Study 

https://www.ncdc.noaa.gov/billions
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(SACS). Establishing this ensemble is computationally expensive and 
requires several thousand processing units to compute. For regions with 
minimal tidal range, on the order of 0.5 m1 or less, the hydrodynamic 
simulations are typically run without base tidal conditions included, and 
astronomical tides are instead incorporated within the probabilistic 
framework.  

There is a need for a rapid, reliable, and accurate tide prediction 
methodology to provide spatially dense reconstructed or predicted tidal 
time series for historical, synthetic, and forecasted hurricane scenarios. 
Tidal prediction is accomplished by utilizing existing numerical 
frameworks that execute modern harmonic analysis techniques. Generally, 
for harmonic analysis, a record of tidal height observations (e.g., water 
elevation time series) is required to decompose the record into its 
subsequent harmonic amplitude and phase pairs. These pairs are then 
used to predict new records of tidal heights for various time periods. 
Though, observation gages may be sparse for some coastal communities. 
Alternatively, existing regional tidal databases provide harmonic 
amplitude and phase data over a high-resolution (i.e., spatially dense) 
numerical mesh. Existing coastal hazard analysis tools, such as the Coastal 
Hazards System (CHS) and the Stochastic Storm Simulation System 
(StormSim), developed and maintained by the US Army Engineer 
Research and Development Center, Coastal and Hydraulics Laboratory, 
would benefit greatly from an enhanced tidal prediction method.  

The CHS (https://chs.erdc.dren.mil) is a national database and web tool that 
provides Probabilistic Coastal Hazard Analysis (PCHA) (Nadal-Caraballo 
et al. 2020) products developed from regional studies such as the NACCS 
(Nadal-Caraballo et al. 2015), and the ongoing SACS. The CHS contains 
comprehensive, high-fidelity, storm-response numerical modeling results 
including storm climatology, storm surge, water level, waves, and currents 
with corresponding epistemic uncertainties. CHS also stores extreme value 
statistics of observed waves and water level responses. Observations in 
CHS include water levels, waves, and meteorological parameters such as 
wind and atmospheric pressure. The data can be easily accessed, mined, 

 

1 For a full list of the spelled-out forms of the units of measure used in this document, please refer to US 
Government Publishing Office Style Manual, 31st ed. (Washington, DC: US Government Publishing 
Office 2016), 248-52, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-
STYLEMANUAL-2016.pdf. 

 

https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
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plotted, and downloaded through a user-friendly web tool. PCHA 
considers hazards due to both tropical and extra-tropical cyclones, 
depending on the storm climatology of the region of interest. The CHS 
supports feasibility studies, probabilistic design of coastal structures, flood 
risk management for coastal communities and critical infrastructure.  

The StormSim (https://stormsim.erdc.dren.mil) is a suite of tools that provide 
probabilistic modeling and statistical analysis of historical and synthetic 
TCs and XCs. Of these tools, the Coastal Hazards Rapid Prediction System 
(CHRPS) (Torres et al. 2020) performs rapid prediction of coastal storm 
hazards, including real-time, hurricane-induced flooding and risk 
assessment. The research conducted to develop the StormSim system 
resulted in standardized, robust, state-of-the-art extremal statistical 
methods and software tools that span a wide range of federal needs 
including coastal applications within research, emergency management, 
coastal planning, and coastal engineering. These applications include 
extremal marginal and joint statistical analysis of storm climatological 
parameters for TCs and XCs. In addition, the methods provide statistical 
tools for characterizing, analyzing, and simulating response parameters 
such as surge elevation, wave height, wave direction, wave period, wave 
power index, total water level, and storm duration in a statistical context. 
The development of StormSim is an ongoing effort that has been funded 
through US Army Corps of Engineers (USACE), Navigation Systems and 
Flood & Coastal Storm Reduction Civil Works Research programs. 

1.2 Objective 

The objective of this work is to produce reconstructed (i.e., historical) and 
predicted (i.e., forecast) tidal heights for coastal locations along the US 
eastern seaboard and beyond. Historical and forecast records of astronomical 
tides will contribute to the determination of still water level in coastal hazard 
analysis methods, including StormSim. 

1.3 Approach  

The proposed methodology seeks to combine the harmonic elevation 
information defined in the ADCIRC tidal database with the harmonic 
analysis methods of the Unified Tide (UTide) tidal analysis program. First, 
tidal harmonic amplitude and phase pairs are extracted from a regional 
subset of the ADCIRC database. These pairs are then configured for 
implementation in the UTide tidal reconstruction program. Last, tidal 

https://stormsim.erdc.dren.mil/
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heights are rapidly reconstructed or predicted over a user-specified time 
period and stored in a database, like the CHS, or implemented in real-time 
still water level (SWL) estimate, like in the CHRPS. 

1.4 Scope 

In this document, information about two ADCIRC tidal databases is 
presented and described. The proposed methodology discussed herein 
focuses solely on the Western North Atlantic database, though the 
methods are applicable to the Eastern North Pacific database as well. In 
addition, the UTide tidal analysis program is capable of processing not 
only tidal heights but also tidal currents. The methods discussed herein 
focus solely on tidal heights, and some modifications and other 
considerations not included here would need to be followed to process 
tidal currents. Last, the proposed methodology was developed using a 
Windows operating system and the MATLAB software. As such, the 
installation and execution instructions are written for Windows, and 
scripts are executed from MATLAB. Users on different operating systems 
without a MATLAB license are advised to review the source materials for 
modified installation instructions and alternative programming languages. 
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2 Astronomical Tides: Fundamentals, 
Modeling, and Analysis 

In this section, a brief overview of the fundamentals of tides, tidal analysis, 
and tidal prediction methods is presented. In addition, the details of both 
the ADCIRC tidal database and the UTide program are introduced and 
summarized. The descriptions are intentionally brief and broad in scope 
with the appropriate sources referenced for further reading.  

2.1 Tides and tidal analysis 

The astronomical tide is the periodic rise and fall of the sea surface as a 
result of the gravitational interactions between the sun, moon, and Earth. 
In this system, the orientation of the celestial bodies relative to Earth 
dictates the timing (i.e., phase) and strength (i.e., amplitude) of the tide. 
The moon is the stronger of the two forces due to its proximity to Earth. As 
such, inter-annual variations in the astronomical tide tend to follow more 
closely the lunar cycle than the solar cycle (e.g., daily, fortnightly, and 
monthly cycles).  

In general, the astronomical tide is composed of individual lunar and solar 
tide-producing forces known as harmonic constituents. Each constituent 
has its own amplitude, phase, and frequency. The frequency determines 
the species of the constituent, referring to diurnal (once per day) or semi-
diurnal (twice per day). While diurnal and semi-diurnal are the primary 
species, there are many shorter-period (e.g., fourth and sixth diurnal) and 
longer-period (e.g., monthly, semi-annual, and annual) constituents that 
naturally occur. 

The amplitude and phase of each constituent varies with latitude from the 
equator. For example, the tidal range (difference between high tide and 
low tide) in the Gulf of Mexico and Caribbean seas is typically low (~0.3 to 
1.0 m), and the tide is diurnal in nature. Meanwhile, the tidal range off the 
coast of Maine can reach upwards of 4 m and is generally semi-diurnal. 
For additional details about the foundation of the astronomical tides, the 
National Ocean Service (NOS) under the National Oceanic and 
Atmospheric Administration (NOAA) provides a more thorough 
description of tides and water levels through its education service 
(https://oceanservice.noaa.gov/education/tutorial_tides/welcome.html). 

https://oceanservice.noaa.gov/education/tutorial_tides/welcome.html
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There are several dozen known harmonic constituents, though only a few 
dozen are significant for nearshore coastal applications. The NOS has 
identified a suite of 37 tidal constituents that are sufficient for tidal 
prediction (Schureman 1958). Generally, the most ubiquitous tidal 
constituents are the four diurnal (K1, O1, P1, and Q1) and the four semi-
diurnal (M2, S2, N2, and K2) constituents. These constituents are 
commonly used as tidal forcing for storm surge simulations. Descriptions 
of the physical tide-producing force that each constituent represents can 
be found in Table 1 for the eight common constituents and on the NOAA 
Tides & Currents Glossary webpage (https://tidesandcurrents.noaa.gov/glossary.html) 
for the remaining constituents.  

Table 1. Physical description of the eight most common tidal 
harmonic constituents. 

Harmonic Constituent Representative Force 

M2 Principal lunar semidiurnal 

S2 Principal solar semidiurnal 

N2 Larger lunar elliptic semidiurnal 

K2 Lunisolar semidiurnal 

O1 Lunar diurnal 

K1 Lunar diurnal 

P1 Solar diurnal 

Q1 Larger lunar elliptic diurnal 

Each constituent is functionally a cosine curve, or a sinusoid. On a 
fundamental level, tidal heights h at any time t can be predicted with 
relative accuracy for a given location from the superposition, or 
summation, of the sinusoidal harmonic constituent amplitudes (Ak) and 
phase-lags (gk). Additional factors include the constituent astronomical 
arguments (Vk), nodal factors (fk) and nodal angles (uk). With these 
considerations, tidal time series can be expressed (Equation 1). The 
variables Vk, fk, and uk are derived through harmonic analysis of year-long 
sea level observations.  

 ℎ(𝑡𝑡) =  ∑ 𝑓𝑓𝑘𝑘(𝑡𝑡)𝑎𝑎𝑘𝑘 cos[𝜔𝜔𝑘𝑘𝜏𝜏 +  𝑉𝑉𝑘𝑘(𝑡𝑡0) +  𝑢𝑢𝑘𝑘(𝑡𝑡) −  𝑔𝑔𝑘𝑘]𝑛𝑛
𝑘𝑘=1  (1) 

 

https://tidesandcurrents.noaa.gov/glossary.html
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Here, t is the reference time (t0) plus the time (τ) elapsed since t0 (i.e., t = 
t0 + τ); n is the number of constituents, where the subscript k denotes an 
individual tidal constituent; and ωi designates the angular speed (° hr-1), or 
frequency, of the tidal constituents. More detail about the fundamental 
mathematical processes of harmonic analysis can be found in Schureman 
(1958) and Godin (1972). Further, the culmination of these methodologies 
and theories into a manual for practical application and interpretation of 
tidal analysis and prediction is provided in Parker (2007). 

The understanding of modern harmonic analysis methods stems from Godin 
(1972). These methods typically apply the least squares regression technique 
to solve for the amplitudes and phases of the constituents that make up the 
tidal signal. The development of the first harmonic analysis code was 
completed in FORTRAN by Foreman (1977, 1978), and later, Pawlowicz et al. 
(2002) established the T_Tide program in MATLAB. Since then, a series of 
improvements to the current methodology was undertaken, including the 
addition of the iteratively reweighted least squares solution (Leffler and Jay 
2009), and the incorporation of the nodal and astronomical argument 
corrections and multiple inference calculations into the least squares matrix 
directly (Foreman 2009). These improvements have since been added to the 
foundational FORTRAN code of Foreman (1977) and incorporated into the 
most recent tidal analysis program, UTide (Codiga 2011).  

Note that tidal predictions represent only the known astronomical 
arguments in a given location. Additional variations in water level from 
meteorological (e.g., storm surge) or atmospheric (e.g., pressure 
fluctuations) phenomena are not included. 

Further, global and regional ocean tidal models are needed to provide 
estimates of harmonic amplitude and phase-lags where sea level 
observations are sparse. Coastal ocean tidal models are typically used for 
coastal inundation and navigation studies in nearshore regions. The 
hydrodynamics of coastal tides is difficult to predict due to a number of 
complex coastal processes and characteristics, such as irregular coastlines, 
bathymetry of the ocean floor, and the interaction of astronomical tides 
with nonlinearly generated overtides and compound tides in shallow 
regions. This tidal problem cannot be directly solved analytically and 
requires the use of numerical models to evaluate sea surface elevations 
and currents. 
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2.2 ADCIRC tidal database(s) 

The ADCIRC hydrodynamic model is a general circulation model capable 
of simulating astronomical tides and storm surge propagation from far 
offshore to nearshore environments. The model solves the general wave-
continuity equation in conjunction with the primitive momentum 
equations over large, complex computational domains while providing 
high resolution and computational efficiency in the nearshore (Luettich et 
al. 1992; Westerink et al. 1993). ADCIRC is a prevalent tool among 
academic, corporate, and government institutions. A detailed description 
for the general application and capabilities of ADCIRC is available at 
http://adcirc.org/. 

ADCIRC performs these hydrodynamic simulations over a computational 
domain known as a mesh. A mesh is a numerical surface consisting of 
nodes and elements representative of a physical surface, such as the ocean 
floor. There are two general types of meshes, structured and unstructured. 
A structured mesh, also known as a regular grid, is a rectangular surface 
with an equal number of elements connected to each node, similar to the 
pattern of a chess board. An unstructured mesh is a tessellation of 
triangles or tetrahedra shapes in an irregular pattern where 3–5 elements 
are connected to each node. In an unstructured mesh, the spatial 
resolution is inhomogeneous, meaning the Euclidean distance between 
nodes varies over the domain. This capability is both popular and practical 
in the numerical modeling community. With an unstructured mesh, the 
spatial resolution over open-ocean regions is generally low (i.e., the 
distance between nodes is greater) whereas spatial coverage of nearshore 
regions of interest where greater hydrodynamic change occurs (e.g., 
coastal inlet) is much higher (i.e., distance between nodes is lower). This 
practice is most practical for computational efficiency when executing 
model simulations. 

Over the past two decades, two coastal ocean tidal models have been 
developed and refined using ADCIRC. These databases were established to 
allow water surface elevation and current to be easily defined in both 
open-ocean and coastal environments. The tidal model domains include 
the Western North Atlantic (WNAT) and Eastern Pacific (ENPAC) basins. 
Both computational domains are inherently large to improve the overall 
accuracy of ocean circulation (Mukai et al. 2002).  

http://adcirc.org/
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The WNAT model domain (Szpilka et al. 2016) encompasses the Western 
North Atlantic Ocean (Maine to Florida Keys), the Gulf of Mexico (Texas 
to Western Florida), and the Caribbean Sea (Puerto Rico and the US 
Virgin Islands) (Figure 1). The open ocean boundary extends to the 60° W 
meridian. The latest version of the WNAT model domain (circa 2015) 
contains 2,066,216 nodes and 3,770,720 elements, with a minimum 
(maximum) spatial resolution of 13 m (46 km) in Puerto Rico and Long 
Island (open boundary) regions. The average spatial resolution, or element 
length, along the US coastline is 250–500 m, with increased resolution in 
inland channels and inlets (Szpilka et al. 2016). 

Figure 1. ADCIRC Western North Atlantic, Caribbean, and Gulf of Mexico (WNAT) 
(right) and ENPAC (left) tidal database meshes, versions ec_2015 with 2,066,216 

nodes and wc_2015 with 272,913 nodes, respectively. 

 

The ENPAC model domain (Szpilka et al. 2018) encompasses the Eastern 
North Pacific Ocean from southwestern Alaska (Bering Strait) along the 
US and Canadian coastlines, through southern California and the Baja 
Peninsula in Mexico (Figure 1). The domain boundary was designed to 
follow the coastline instead of including the entire geographic region, 
thereby reducing the overall computational burden while maintaining 
accurate circulation nearshore. This configuration does not include Hawaii 
or northern Alaska. The most recent version of the ENPAC model (circa 
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2015) contains 553,802 nodes and 1,038,443 elements, with a minimum 
(maximum) spatial resolution of 28 m (85 km) in coastal (deep ocean) 
regions. The average coastal resolution is 200–400 m, though the Alaskan 
coastline is not as resolved with element lengths between 2 and 5 km in 
that region (Szpilka et al. 2018). The downloadable materials and 
instructions for the coastal ocean tidal databases, as well as the supporting 
historical documentation, can be found at http://adcirc.org/products/adcirc-tidal-
databases/. 

Each database was developed from an ADCIRC simulation of 410 days. 
The simulation time included a 25-day ramp period to adequately stabilize 
the water surface elevation over the domain. The model ran for an 
additional 20 days before the internal ADCIRC harmonic analysis routine 
was initiated at a 1 min interval for the remaining 365 days in the 
simulation. In addition to the eight primary constituents (M2, S2, N2, K2, 
O1, K1, P1, and Q1), each model was forced with the tidal amplitudes and 
potentials of the lunisolar fortnightly (Mf) and the lunar monthly (Mm) 
constituents. The WNAT database was additionally forced with shallow-
water constituents (M4, MN4, and MS4) due to the effects of the Atlantic 
continental shelf on tidal propagation. Tidal forcing was extracted from 
the Oregon State University TOPEX/Poseidon Global Inverse Solution 
Tidal Model (TPXO) global tidal database. TOPEX/Poseidon was a joint 
satellite altimeter mission between the National Aeronautics and Space 
Administration (the US space agency) and the Centre National d'Etudes 
Spatiales (the French space agency) to map ocean surface topography. The 
details and differences between the WNAT and ENPAC simulations are 
described in Table 2. Further details about the WNAT and ENPAC model 
setup (e.g., bathymetry, bottom friction, boundary forcing) are discussed 
in their respective studies (Szpilka et al. 2016, 2018). 

Table 2. ADCIRC tidal database boundary conditions. 

Database 
TPXO 
Version Boundary Conditions Start Date 

Western 
North 
Atlantic 7.2 

O1, K1, P1, Q1, M2, N2, S2, K2, Mf, 
Mm, M4, MN4, MS4 17 November 1991 

Eastern 
Pacific 8.0 

O1, K1, P1, Q1, M2, N2, S2, K2, Mf, 
Mm 16 November 2004 

 
  

http://adcirc.org/products/adcirc-tidal-databases/
http://adcirc.org/products/adcirc-tidal-databases/
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In general, ADCIRC is commonly executed in its two-dimensional, depth-
integrated form (ADCIRC-2DDI) for coastal hydrodynamic modeling 
applications. The model uses the depth-integrated mass and momentum 
conservation equations with the incompressibility, Boussinesq, and 
hydrostatic pressure approximations applied (Westerink et al. 1993). 
Astronomical tides are computed using the effective Newtonian 
equilibrium tide potential (Equation 2) (Westerink et al. 1993).  

 𝜂𝜂(𝜆𝜆,𝜑𝜑, 𝑡𝑡) = ∑ 𝛼𝛼𝑗𝑗𝑗𝑗𝐶𝐶𝑗𝑗𝑗𝑗𝑓𝑓𝑗𝑗𝑗𝑗(𝑡𝑡0)𝐿𝐿𝑗𝑗(𝜑𝜑)cos � 2𝜋𝜋(𝑡𝑡−𝑡𝑡0)
𝑇𝑇𝑗𝑗𝑗𝑗+𝑗𝑗𝜆𝜆+𝑣𝑣𝑗𝑗𝑗𝑗(𝑡𝑡0)

�𝑛𝑛,𝑗𝑗  (2) 

where 

 𝜂𝜂 = the effective Newtonian equilibrium tide potential 
 𝜆𝜆,𝜑𝜑 = degrees of longitude and latitude, respectively 
 𝑡𝑡 = time 

𝑡𝑡0 = a reference time 
 𝑗𝑗 = the tidal species:  

𝑗𝑗 = 0: declinational  
𝑗𝑗 = 1: diurnal 
𝑗𝑗 = 2: semidiurnal 

 𝛼𝛼𝑗𝑗𝑗𝑗 = the effective earth elasticity factor for tidal constituent 𝑛𝑛 of 
species 𝑗𝑗 

 𝐶𝐶𝑗𝑗𝑗𝑗 = a constant characterizing the amplitude of tidal constituent 𝑛𝑛 
of species 𝑗𝑗 

 𝑓𝑓𝑗𝑗𝑗𝑗 = the time-dependent nodal factor 
 𝑣𝑣𝑗𝑗𝑗𝑗 = the time-dependent astronomical argument 
 𝑇𝑇𝑗𝑗𝑗𝑗 = the period of constituent 𝑛𝑛 of species 𝑗𝑗 
 𝐿𝐿𝑗𝑗 = changes with species 𝑗𝑗: 

𝐿𝐿0 = 3 sin2(𝜑𝜑 − 1) 
𝐿𝐿1 = sin(2𝜑𝜑)  
𝐿𝐿2 = cos−1(𝜑𝜑). 

 
Both the WNAT and ENPAC models were validated for the eight primary 
harmonic constituents (O1, K1, P1, Q1, M2, N2, S2, and K2). Statistical 
validation against the NOS Center for Operational Oceanographic 
Products and Services (CO-OPS) (https://tidesandcurrents.noaa.gov/about.html) and 
the International Hydrographic Organization (IHO) (https://iho.int/) tidal 
stations in open-ocean and coastal regions showed that the overall error of 
the WNAT database was minimal in both amplitude (0.7 cm on average) 

https://tidesandcurrents.noaa.gov/about.html
https://iho.int/
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and phase (less than 20° lag or lead on average) for the eight primary 
constituents (Szpilka et al. 2016). Similarly, the ENPAC data were 
validated against tidal stations from NOS CO-OPS and IHO, as well as the 
Institute of Ocean Sciences, Fisheries and Oceans Canada. The overall 
error of the ENPAC database was also minimal in amplitude (1.1 cm on 
average) and phase (within 5° – 10°) for the same constituents (Szpilka et 
al. 2018). 

The comprehensive guidance for use of these coastal ocean tidal databases 
as forcing for local or regional hydrodynamic models is expressed in the 
supporting literature (Szpilka et al. 2016, 2018). In general, caution is 
advised for applications where a larger suite of tidal constituents is of 
interest, as only 8 of the 37 constituents have been validated. Further, 
certain physical processes were not included in the model simulation, 
including density driven flows, riverine discharge, large-scale oceanic 
currents, or wind and pressure driven flows. 

2.3 Unified tidal analysis program 

UTide builds upon the frameworks established by Foreman et al. (2009), 
Leffler and Jay (2009), and Pawlowicz et al. (2002) and integrates these 
approaches into a single common framework. The tidal analysis program 
is designed to handle multi-year records of tidal heights, or tidal currents, 
which may be irregularly distributed (e.g., gap in observations). Multiple 
locations, or groups of records, can be processed in a single function call. 
The program also provides comprehensive diagnostics and confidence 
intervals of its harmonic analysis estimates relative to the observations 
(Codiga 2011). T_Tide (Pawlowicz et al. 2002) remains to be the most 
widely used harmonic analysis method for tidal prediction, though the 
advancements in predictive capability offered by UTide are preferred for 
longer records of tides (Byun and Hart 2019). 

UTide is available in both the MATLAB and Python programming 
languages, though the Python version is still in development. There are 
two primary functions within the self-contained program: (1) a solver that 
decomposes an observed tidal time series into its harmonic components – 
ut_solv() and (2) a predictor that reconstructs the time series over a user-
specified period using the output from the solver – ut_reconstr().  

UTide uses an iterative least squares fit approach (Leffler and Jay 2009) 
that includes the nodal, astronomical, and inference corrections (Foreman 
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et al. 2009) to efficiently solve for the harmonic constituents in a given 
time series (Equation 3) (Foreman et al. 2009). The framework minimizes 
the influence of outliers in its final solution.  

 ℎ�𝑡𝑡𝑗𝑗� = 𝑍𝑍0 + 𝑎𝑎𝑡𝑡𝑗𝑗 + ∑ 𝑓𝑓𝑘𝑘�𝑡𝑡𝑗𝑗�𝐴𝐴𝑘𝑘cos�𝑉𝑉𝑘𝑘�𝑡𝑡𝑗𝑗� + 𝑢𝑢𝑘𝑘�𝑡𝑡𝑗𝑗� − 𝑔𝑔𝑘𝑘�𝑛𝑛
𝑘𝑘=1 + 𝑅𝑅(𝑡𝑡𝑗𝑗) (3) 

where 

 ℎ�𝑡𝑡𝑗𝑗� = the water level measurement at time 𝑡𝑡𝑗𝑗 
 𝑍𝑍0 = the constant background water level 
 𝑎𝑎 = the linear trend coefficient for arbitrary sampling and multi-

constituent inferences 
𝑓𝑓𝑘𝑘�𝑡𝑡𝑗𝑗�, 𝑢𝑢𝑘𝑘�𝑡𝑡𝑗𝑗� = nodal corrections for amplitude and phase, respectively, for 

constituent 𝑘𝑘 at time 𝑡𝑡𝑗𝑗  
 𝐴𝐴𝑘𝑘, 𝑔𝑔𝑘𝑘 = the amplitude and phase lag of constituent 𝑘𝑘, respectively 
 𝑉𝑉𝑘𝑘�𝑡𝑡𝑗𝑗� = the astronomical argument for constituent 𝑘𝑘 at time 𝑡𝑡𝑗𝑗  
 𝑅𝑅(𝑡𝑡𝑗𝑗) = the nontidal residual. 

UTide offers a flexible interface with various analysis configurations, 
including the ability to either specify or automatically infer harmonic 
constituents from a tidal record. The auto feature utilizes the Foreman 
(1977, 1978) automated design tree method to select the relevant 
constituents from the tidal height, or tidal current, observations. The 
supporting diagnostics describe the contribution of each constituent to the 
total energy of the record.  

For groups of records, however, the auto feature is not available. Instead, an 
array of constituents must be specified manually. Users are advised to 
conduct preliminary harmonic analysis with a few representative locations 
in the group to determine an appropriate set of constituents (Codiga 2011). 
Each record in the group should be of the same length or have the same 
number of time stamps. Additional considerations and syntax for executing 
harmonic analysis on a group of records are described in Codiga (2011). 

The output of the solver function, ut_solv(), is a structured array with 
multiple fields that stores the results of the harmonic analysis and 
summarizes the input configuration. Here, matrices of harmonic 
amplitude and phase of the specified constituents are listed for each 
member in the group, or conversely of the inferred constituents for a 
single record should the auto feature be invoked. This structure is the 
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primary input for the reconstruction function, ut_reconstr(), in the 
program. From here, tidal heights can be reconstructed or predicted over a 
user-specified period of time.  

Within the structured array, harmonic amplitude and phase from the 
ADCIRC tidal database can be inserted and used for tidal reconstruction. 
The methodology to do so is described in the following section. 
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3 Methodology 

The general requirements to install, compile, and use the ADCIRC WNAT 
tidal database are discussed in this section. In addition, the process of 
formatting ADCIRC database outputs for use as UTide inputs is described.  

There are two programs available in the ADCIRC tidal database package 
(http://adcirc.org/products/adcirc-tidal-databases/). The first program – 
resultScope() – allows users to define and extract a regional or local level 
database from the larger ADCIRC database, and the second program – 
db_extract() – allows users to extract harmonic amplitudes and phases 
from the mesh or subgrid. Given the size of the database (> 2 million 
nodes), it is recommended to extract a smaller regional or local subgrid 
from which to pull harmonic constituent data. This sequence ultimately 
saves computational time and ensures a successful execution of 
db_extract. There are some supporting notes and documentation within 
the package available for review as well. 

3.1 Pre-requisites 

The methods presented herein were established using a Windows 10 
Operating System (OS) and MATLAB 2018b. It is assumed that the reader 
is using a computer with a Windows OS and a current version of MATLAB 
installed to follow this procedure. If the reader is using a Linux or Mac 
OSX machine, the compilation instructions for the database will vary. If 
using UTide in Python instead of MATLAB, some of the functions 
discussed herein may not be available, and additional guidance should be 
sought from the developer documentation (https://pypi.org/project/UTide/).  

First, download the WNAT tidal database package from the ADCIRC web 
page (http://adcirc.org/products/adcirc-tidal-databases/). The two programs of the 
ADCIRC tidal database are written in FORTRAN and will need to be 
compiled into executables. It is recommended to install a FORTRAN 
compatible Integrated Development Environment (IDE) that supports the 
GNU Compiler Collection. For example, the open-source, cross-platform 
software Code::Blocks (codeblocks.org) is an appropriate and relatively user-
friendly IDE for this application. Installation instructions can be found on 
the corresponding developer web page. 

http://adcirc.org/products/adcirc-tidal-databases/
https://pypi.org/project/UTide/
http://adcirc.org/products/adcirc-tidal-databases/


ERDC SR-21-3  16 

Once the IDE is installed, a supporting compiler will need to be 
downloaded and installed on the machine, such as the MinGW software 
(http://mingw-w64.org/doku.php). This process can be challenging for 
inexperienced or unfamiliar users. It is recommended that the user review 
related articles and tutorials to ensure correct installation and 
compatibility with the previously installed IDE. 

Within the IDE, open the file HarmonicResultScope.f90 in the database 
package. Using the tools or options available in the IDE, compile the *.f90 
FORTRAN script to build the resultScope.exe executable. If successful, the 
executable (*.exe) should appear in the working directory where the *.f90 
file is located. If unsuccessful, review the errors within the IDE and 
research possible solutions. Follow the same procedure for the 
ADCIRC_db_extract_2012.f90 file in the database package to compile the 
db_extract.exe executable.  

The UTide MATLAB program can be downloaded from 
http://www.po.gso.uri.edu/~codiga/utide/utide.htm. Links to the Python version of 
UTide and the corresponding User’s Manual (Codiga 2011) are available at 
this web page as well. There are three files included in the UTide package: 
(1) ut_solv.m, (2) ut_reconstr.m, and (3) ut_constants.mat. Save the files 
in the UTide folder within a relevant folder on the personal computer and 
add the UTide folder to the Path within the MATLAB environment. This 
step will allow the functions to be ubiquitous in MATLAB.  

In addition to UTide, the ADCIRC Utilities MATLAB Toolbox 
(https://github.com/BrianOBlanton/adcirc_util) is used to read, manipulate, and 
plot the ADCIRC WNAT mesh. Use of the utilities toolbox is optional, and 
its functionality depends on the intended application of the tidal database. 
For visualization purposes only, alternative programs compatible with the 
ADCIRC *.grd file (e.g., the Surface-water Modeling System) can be used. 
The utilities folder and subfolders are added to the MATLAB Path as well. 

3.2 Extract regional database(s) 

A regional or local database can be extracted from the greater ADCIRC 
WNAT or ENPAC databases with the resultScope() executable. Defining a 
regional database is encouraged to reduce the total searchable area, and 
thus the total computational time, when extracting harmonic elevation 
(amplitude and phase) and/or harmonic velocities. This step may only 
need to be completed once for each region of interest, as elevation and 

http://www.po.gso.uri.edu/%7Ecodiga/utide/utide.htm
https://github.com/BrianOBlanton/adcirc_util
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velocity harmonic information can be extracted from the regional or local 
database multiple times. 

The program accepts three types of geometries that define the area of 
interest to be extracted: a circle, rectangle, or arbitrary shape. The user 
specifies which geometry type to use and the corresponding input 
specifications required for each case. The circle option requires the 
position of the circle center (x, y) in decimal degrees (longitude, latitude) 
and its diameter (meters). The rectangle option requires the coordinates of 
southwest and northeast corners of the rectangle, otherwise known as the 
diagonal. The specification of an arbitrary shape requires a separate coarse 
ADCIRC grid (*.grd) file. The extracted regional database will be the 
intersection of the specified geometry with the global ADCIRC database. 

The resultScope() program can be executed in either an interactive or 
passive environment. The interactive environment is invoked by entering 
the *.exe itself. The user will be prompted to enter the necessary input 
values or filenames required to execute the program. A sample prompt and 
output sequence are displayed in Figure 2. The standard output from 
resultScope is the regional database grid file (*.grd), the regional harmonic 
elevation file (*.53), and the regional harmonic velocity file (*.54), as 
specified. The minimum requirements for the database extraction 
program are the regional grid and harmonic elevation files. Once the 
program finishes writing the regional harmonic or velocity files, the 
execution window will automatically close, and the output files (*.grd, 
*.53, and *.54) will be available in the working directory from where the 
program was executed. The names of each file will be the project name 
entered as input to the program (e.g., CharlestonBay) (Figure 2).  
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Figure 2. Example interactive prompt of the resultScope() program. 

 

The interactive mode also offers the option to create an input file for the 
program to be executed in a passive environment. The input file for 
resultScope() contains the same input values and filenames that were 
requested from the interactive environment in a line-by-line sequence. A 
sample input file is presented in Table 3 with a description of the required 
inputs included.  
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Table 3. Input requirements to execute resultScope() program with sample 
input values. 

Line # Input Description Example Input 

1 Create input file (0) or extract sub-grid (1) 1 

2 Name of project CharlestonBay 

3 Relative path and filename of global database 
(*.grd) ./ec2012_v3d_chk.grd 

4 Sum of harmonic file to extract: elevation (10), 
velocity (1) 11 

5 Relative path and filename of elevation 
harmonic file (*.53) ./ec2012_v3d_otis3_fort.53 

6 Relative path and filename of velocity 
harmonic file (*.54) ./ec2012_v3d_otis3_fort.54 

7 Sub-grid shape: circle (0), rect. (1), arbitrary (2) 1 

8 

(if circ.) Coordinates of center -79.895305 32.768020 

(if rect.) Coordinates of SW corner -80.137359 32.569344 

(if arb.) Relative path and filename of coarse 
grid file ./charleston_regional.grd 

9 
(if circ.) Diameter of circle in meters 1500 

(if rect.) Coordinates of NE corner -79.574890 33.026061 

The user can use the interactive mode to generate an input file, or the file 
can be created separately in a text editor or even with MATLAB. To 
execute resultScope() in the passive environment, the program should be 
executed within the command window, or MATLAB, with a pointer to the 
input file, as shown below. A sample script to generate input files and 
execute resultScope() within MATLAB is provided in the Appendix. 

>> resultScope < charleston_grd.in 

In either the interactive or passive environment, the computational time 
needed to extract a regional database from the global database is large, 
though the computational expense depends on the size of the regional 
domain of interest. Once the regional database has been defined, the 
harmonic elevation (amplitude and phase) and/or velocities can be 
extracted with the db_extract() program. 
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3.3 Extract regional harmonic elevation and velocity 

The elevation and velocity harmonics can be extracted at any location(s) 
within the regional database. The db_extract() program employs a 
KDTREE search algorithm to triangulate the three nearest nodes/elements 
in the regional database for each location specified by the user. The program 
requires three to four input files: (1) an infile containing a list of 
longitude/latitude (lon/lat) coordinates for extraction, (2) the regional 
database grid (*.grd), (3) the regional harmonic elevation file (*.53), and 
optionally, (4) the regional harmonic velocity file (*.54). Files 2–4 are 
generated in the previous step with the resultScope() program while file 1 
will need to be created specifically for the db_extract() program application. 

The infile is a text file that first lists the total number of locations to be 
extracted, NOUT, followed by the lon/lat coordinates of each location on a 
separate line. A sample infile is provided in Table 4. If a coordinate is 
located outside the bounds of the regional database, the extraction 
program will return the harmonic elevation or velocity associated with the 
nearest node/element.  

Table 4. Description and example of the infile for the db_extract() program. 

Line # Input Description Example Input 

1 Total number of extraction points, NOUT 4 

2 Lon/lat coordinate of first extraction point -66.698834 42.944540 

3 Lon/lat coordinate of second extraction point -66.846145 42.832420 

…  -66.793415 42.853550 

NOUT Lon/Lat coordinate of NOUT extraction point -66.743185 42.874100 

The db_extract() program is executed in the same manner as the 
resultScope program. An interactive or passive environment is available 
for db_extract() as well. The interactive mode will prompt the user to 
enter the relative path and filename of the necessary input files. A sample 
prompt is displayed in Figure 3.  
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Figure 3. Example interactive prompt of the db_extract() program. 
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Otherwise, the user may generate an input file (Table 5) containing the 
same information as was prompted by the interactive mode. This input file 
can be generated either manually or automatically with MATLAB. The 
db_extract() program can be executed within the command window or 
MATLAB in a similar manner as resultScope(), as shown below. 

>> db_extract < charleston_hc.in 

Table 5. Input requirements to execute db_extract() program with sample 
input values. 

Line # Input Description Example Input 

1 
Relative path and filename of extraction 
points input file 

./charleston_points.in 

2 
Relative path and filename of regional 
database grid 

./CharlestonBay-sub.grd 

3 
Relative path and filename of elevation 
harmonic file 

./CharlestonBay.53 

4 
Relative path and filename of velocity 
harmonic file 

./CharlestonBay.54 

Three output files are generated by the db_extract() program. These 
include (1) the elevation amplitude and phase, elev_hc.out; (2) the velocity 
amplitude and phase, vel_hc.out; and (3) a diagnostic output detailing the 
results of the KDTREE search algorithm for each point, tides.dia. The 
output files (*.out) list the elevation or velocity amplitude and phase for 
the 37 fundamental tidal constituents used by NOAA at each point listed in 
the infile. A text heading is printed for each constituent followed by the list 
of NOUT amplitude and phase values (of type float) in the order listed in 
the infile. Figure 4 displays a sample of the expected output file format for 
both elev_hc.out and vel_hc.out.  
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Figure 4. Example output file format of elev_hc.out (left) and vel_hc.out (right) from 
db_extract() program for three locations. 

 

A sample script to generate an infile and execute db_extract() within 
MATLAB is provided in the appendix. This script also moves the output 
files to a user-specified folder. This practice keeps the working directory 
free of clutter and promotes organization of input and output files. 

3.4 Reconstructing tidal time series 

This section details the process of generating a tidal elevation time series 
in UTide using the elevation amplitude and phase values from elev_hc.out. 
The generation of tidal currents from the velocity amplitude and phase 
output, vel_hc.out, is not considered in this document. In this example, 
tides are generated with the eight common harmonic constituents – M2, 
S2, N2, K2, K1, O1, Q1, and P1. There are three essential steps to 
accomplish this task. The first step is generating the input matrix for the 
UTide reconstruction program, ut_reconstr(). This task requires the use of 
the UTide solver function, ut_solv(), on a sample NOAA tidal time series. 
Second, the elevation amplitude and phase values are converted into a 
format compatible with the UTide input matrix. Third, the user can 
reconstruct or predict tidal elevation time series for a specified latitude at 
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a specified time using ut_reconstr(). The following paragraphs provide 
details on these three tasks for generating a tidal time series. 

3.4.1 Preparing UTide coefficient structure 

There are two components needed to execute the tidal reconstruction 
function, ut_reconstr(). The first is a specified time series along which to 
reconstruct or predict the tidal time series. The second, and most 
important, is the coefficient structure that specifies the names and 
frequencies of the constituents to use in the process, their corresponding 
amplitude and phase pairs, and the location(s) (i.e., latitudes) where tides 
are to be generated. This structure is generated from the solver function, 
ut_solv(), when decomposing a tidal time series into its harmonic 
components. 

There are a number of options available in UTide when decomposing a 
tidal time series. A few of these were covered in Section 2.3, and more 
details can be found in both Codiga (2011) and in the comments of the 
ut_solv() function itself. It is the user’s choice to determine how the 
harmonics are decomposed. Though, a few guidelines and 
recommendations for first-time users are provided here.  

Consider a region of interest and select one or multiple NOAA tidal gauges 
in the area. Visit the NOAA Tides & Currents webpage for a map-based 
selection product (https://tidesandcurrents.noaa.gov/map/index.html). Select either the 
NOAA predictions or the NOAA-verified time series product for a period of 
at least 28–29 days, covering at least one full lunar cycle. Use metric units 
and set the datum to mean sea level (MSL). A sampling interval of 1 hr or 
6 min is preferred. Download the time series as a Comma Separated Value 
file. Read the tidal time series into MATLAB and assign the data to a 
matrix where the rows correspond to time and the columns are the water 
level in meters. Use the datenum function to define time. Take note of the 
latitude of the tidal gauge location (decimal degrees). UTide will need this 
information to determine the phase of the tides.  

UTide can process multiple stations in a single execution, so multiple 
columns of water level data can be included in the tidal time series matrix. 
The minimum requirements to execute ut_solv() are a time vector in 
datenum format covering the period of the tidal record, the matrix of tidal 
time series, the latitude of the selected station(s), and a character array of 
harmonic constituents to consider in the analysis. If processing multiple 

https://tidesandcurrents.noaa.gov/map/index.html
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stations, this array of constituents is required. If processing a single 
station, the auto feature of UTide can be executed. With these 
components, execute ut_solv(). The output of this function is the 
coefficient structure, coef. An example of the expanded fields in the 
structure is shown in Figure 5. The options provided in ut_solv() will 
inform the coef structure and further dictate how tidal time series will be 
reconstructed in ut_reconstr(). An example MATLAB script that performs 
the above procedure is detailed in the appendix. 

Figure 5. Example of expanded UTide structured array, coef, generated by ut_solv() 
for a group of records. 

 

If interested in tidal currents, a similar procedure is followed. Tidal 
velocity in the x and y directions, or easting and northing, can be 
downloaded from select NOAA current gauges around the coast. Instead of 
submitting a matrix containing water levels, two matrices are required by 
ut_solv(), containing the easting velocity (m/s) and northing velocity 
(m/s), respectively. The latitude(s) of the selected stations and list of 
constituent names are required. 

Note that not all fields in coef are required for implementation in 
ut_reconstr(). Descriptor fields, such as coef.results and coef.diagn, are 
not pertinent to the reconstruction process. 

3.4.2 Configuring ADCIRC output 

The db_extract() output file, elev_hc, is formatted such that the 
constituent name is printed and followed by the list of amplitude and 
phase pairs for each extraction point, which is then repeated for each of 
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the 37 constituents. The structured array, coef, of UTide for an elevation 
time series run is formatted such that the amplitude (A) and phase (g) are 
separate fields. Both structures are of type double with dimensions n x m, 
where n is the number of constituents and m is the number of stations.  

The regional elev_hc file is first read into MATLAB. For each constituent 
listed, the corresponding amplitude and phase pairs are parsed into 
separate arrays. The constituents of interest, as specified in coef, are 
reshaped from a matrix of size (1 × m) to size (m × 1), satisfying the coef 
format. The resulting amplitude and phase pairs from the regional 
ADCIRC database are saved into an output structure similar to coef. The 
computational time required for this process is minimal for small areas, 
though it is subject to increase with an increase in the number of 
extraction locations specified in the db_extract() program.  

The velocity harmonic information in vel_hc is formatted similar to 
elev_hc but includes the amplitude and phase pairs of the easting and 
northing velocity components for each constituent. While the conversion 
to a MATLAB matrix is the same, the coefficient structure for tidal 
currents in UTide is significantly more complex. The coefficient structure 
includes the following tidal current ellipse parameters: major axis, minor 
axis, current ellipse orientation angle, and phase lag between the two 
rotating components. Computation of the cosine and sine coefficients from 
the real-valued amplitude and phase of the easting and northing velocity 
components is outside the scope of this document. 

3.4.3 Running UTide 

At this step, the parsed amplitude and phase pairs from the ADCIRC 
regional database can be added to the UTide coefficient structure. The 
output structure from the previous step contains the amplitude and phase 
pairs in the appropriate format (n × m) and constituent order (sorted by 
naming order in coef.name). The amplitude matrix in coef can be directly 
replaced by the ADCIRC matrix, and the same is true for the phase matrix. 
Ideally at this stage, the same number of stations or locations are listed in 
coef as was extracted with db_extract(). This would imply that the number 
of locations, m, and their corresponding latitude locations, coef.aux.lat, 
are accurate in the structure.  

The reconstruction function, ut_reconstr(), can generate tidal time series 
from the information in the coefficient structure for generally any 
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specified time period. To execute the function, the reference time along 
which to generate the tides will need to be updated. Create a time vector in 
datenum format. Assign the median date of that vector to the reftime field 
in the coefficient structure, coef.aux.reftime. The reftime field should be a 
(1 × m) vector containing the median date repeated for as many stations or 
locations are included in the coefficient structure. Once this field is 
populated, ut_reconstr() can be executed along the specified time vector. 
The output is a matrix of reconstructed or predicted tidal time series 
where rows correspond to time and the columns are water levels (m, MSL) 
at each station or location. 
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4 Conclusions and Recommendations 

In the following sections, the objective and product of this work are 
reviewed and discussed. Recommendations for future considerations and 
implementation strategies are also presented. 

4.1 Conclusions 

The objective of this study was to combine the tidal harmonic information 
from the spatially dense ADCIRC tidal database with a rapid, reliable, and 
accurate tidal reconstruction and prediction program. UTide was selected 
as the tidal analysis tool for its robust handling of long-period and 
irregular tidal height records and its efficient management of tidal 
harmonic constituents. Installation instructions were provided for the 
required software and programs on the Windows OS. Example execution 
of scripts and input files were provided for the MATLAB programming 
language (see Appendix). The proposed methodology can supply historical 
and predicted tidal heights for still water level estimation in storm surge 
and coastal flooding analyses across the nation. 

The product of this study is a master script that combines each of the 
processing steps discussed in this document into a single MATLAB file 
(see Appendix). The script details the necessary path, file, and variable 
specifications required by the user before the supporting functions are 
executed. Each function is included within the master script, allowing it to 
be self-contained. The prerequisite installation of MATLAB, the ADCIRC 
tidal database, and UTide (Section 3.1) is needed prior to running the 
master script. For repeated application of UTide predictions, the resulting 
coefficient structure (coef) from ut_solv() can be saved as a MATLAB 
*.mat file for later use within the ut_reconstr() function.  

4.2 Recommendations 

The rapid tidal predictive capability of UTide forced with ADCIRC 
constituents is ready for implementation in the CHS and StormSim-
CHRPS frameworks for both historical and real-time coastal hazard 
scenarios. The coastal hazard tools will leverage multiple UTide coefficient 
structures representative of tidal properties for specified regions of 
interest, such as the North or South Atlantic coasts. Regional harmonic 
analysis studies can be conducted to determine the appropriate tidal 
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constituents needed to most accurately represent the tidal heights in the 
area. Efforts towards this goal have been completed in the Gulf of Mexico 
(Texas and Louisiana) and Caribbean Sea (Torres and Nadal-Caraballo 
2020, 2021). Additional studies are ongoing for the North and South 
Atlantic at the time of this publication. Once the coefficient structure is 
adequately solved, the UTide reconstruction function ut_reconstr() can be 
executed over a given reference time as needed using a C# wrapper around 
the MATLAB script within the system framework.  

The overall computational time needed to generate tidal heights in UTide 
increases with an increase in the number of stations supplied and the 
length of the predicted time series. Therefore, for a large subset of stations, 
such as the dense spatial coverage of tidal nodes in a regional ADCIRC 
database, and/or for a long time record, it is recommended to precompute 
tidal heights across all nodes and store the results in a MATLAB *.mat 
file(s). The time series results are formatted such that each column 
represents a station, and each row is a time stamp of tidal height. Multiple 
*.mat files may need to be generated to fully represent the reference period 
due to size and memory limits.  

This practice may be most helpful in preparation for real-time surge and 
hazard estimates for the current hurricane season in StormSim-CHRPS. In 
the CHRPS web tool, users will be able to monitor active TCs and predict 
storm surge in response to specific USACE requests for information. 
Precomputed tidal heights can be more readily accessed and displayed in 
the system with minimal delay, as opposed to predicting tidal heights at 
multiple locations within the system during user selection. Stored tidal 
node or station locations can be referenced by their corresponding 
coordinates (longitude, latitude).  

In the context of historical storm scenarios, tidal heights will not be 
precomputed for each storm record and will instead be reconstructed in 
real time during user selection in the web tool. While this process may 
delay immediate visualization of tides in the web tool, the hindcast and 
storage of hundreds of historical storms are impractical. To balance the 
computational and storage requirements in the system, tidal heights that 
are reconstructed in response to user selection may be stored for later 
reference by other users interested in the same historical storm, especially 
if commonly referenced (e.g., Hurricane Katrina).  
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The CHS in particular contains a large number of hydrodynamic and wave 
simulations for historical and synthetic tropical cyclone scenarios. For 
synthetic storm applications, tidal heights can be precomputed over a 
longer record (e.g., 5 to 10 yr) from which SWL estimates can be randomly 
sampled and implemented in the PCHA. This practice would require 
significant storage requirements depending on the length of the record 
and number of tidal nodes or stations included. 

The overall computational expense of computing tides in MATLAB using 
a C# wrapper in the system may be reduced by implementing the 
methods discussed in the Python programming language. The developer 
of UTide and UTide community members are actively preparing a version 
of the harmonic analysis tool in Python. Further development and testing 
are needed to bring the same functionality discussed here to the open 
source platform. 

4.3 Source materials 

Provided here is the list of sources where the resources discussed herein 
can be accessed. 

Unified Tidal Analysis (UTide): http://www.po.gso.uri.edu/~codiga/utide/utide.htm 

UTide Python: https://pypi.org/project/UTide/ 

Advanced Circulation (ADCIRC) hydrodynamic model: https://adcirc.org/ 

ADCIRC Tidal Databases: http://adcirc.org/products/adcirc-tidal-databases/ 

MATLAB: https://www.mathworks.com 

Coastal Hazards Rapid Prediction System (CHRPS): https://stormsim-

chrps.erdc.dren.mil/ 

Coastal Hazards System (CHS): https://chs.erdc.dren.mil/  

 

http://www.po.gso.uri.edu/%7Ecodiga/utide/utide.htm
https://pypi.org/project/UTide/
https://adcirc.org/
http://adcirc.org/products/adcirc-tidal-databases/
https://www.mathworks.com/
https://stormsim-chrps.erdc.dren.mil/
https://stormsim-chrps.erdc.dren.mil/
https://chs.erdc.dren.mil/
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Appendix: MATLAB Code 

The supporting MATLAB code disclosed in this section combines the 
methodology in a piecewise fashion, prompting for user input where 
appropriate. 

%% TIDAL PREDICTION USING ADCIRC AND UTIDE 
% 
% The following master script described below contains the 

% workflow of extracting tidal harmonic information from the 

% ADCIRC tidal database and generating tidal heights using the 

% UTide tidal analysis program.  

% 

% The master script is divided into three parts: 

% (1) User definitions of file path locations and input  

% variables needed to execute the supporting functions. 

% (2) Execution of supporting functions to perform tidal  

% harmonic extraction and tidal height reconstruction. 

%  (3) Supporting functions are listed at the end of the  

%  script, allowing for a self-contained execution process. 
% 

% Before executing this script or any of its supporting, self- 

% contained functions, the user is advised to follow the  

% installation instructions described in Torres and Nadal- 

% Caraballo (2020). In this document, details about installing  

% and compiling the ADCIRC tidal database on a Windows OS is  

% presented, as well as source links for downloading and  

% activating the UTide program within MATLAB. 

% 

% Torres, M.J. and N.C. Nadal-Caraballo, (2021). Rapid Tidal  

% Reconstruction with UTide and the ADCIRC Tidal Database. ERDC  

% SR 21-3. Vicksburg, MS: US Army Engineer Research and  

% Development Center. 

% 
% Marissa J. Torres 
% ERDC/CRREL 
% 12 August 2021 
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%%%%%%%%%%%%%%%%%% 

%% USER DEFINITION 

%%%%%%%%%%%%%%%%%% 
  
% file path to ADCIRC grid 

% either WANT grid or ENPAC grid 
fpath_grid = 'path_to_adcirc_grid.grd'; 
  
% file path for output files 
fpath_output = 'path_to_output_folder/'; 
  
% region of interest name 
% this will be the name of the folder where outputs are placed 
region = 'specify_region'; 
  
% grid extract type 
% summation of outputs to extract onto regional grid 
% extract_type == 10 : elevation only (*.53) 
% extract_type == 1 : velocity only (*.54) 
% extract_type == 11 : both 
extract_type = 11; 
  
% select boundary 
% bound_type = 0 : circle 
% bound_type = 1 : rectangle 
% bound_type = 2 : arbitrary  
bound_type = 1; 
  
% specify boundary coordinates 

% bound_type == 0 : [center coord (decimal deg); radius (m)] 
% bound_type == 1 : [SW coords ; NW coords] 

% bound_type == 2 : [fpath to arbitrary grid *.grd] 
bound_specs = []; 
  
% list of points to extract from regional database 
% matrix should have two columns [lon, lat] 
% can be loaded from an external file as needed 
points = [lon,lat]; 
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% identify the source of the points (e.g., co-located NOAA tide 

gages) 
% this helps with organizing if multiple different sources of 

points are 
% extracted from the same regional database 
source = 'eg_noaa'; 
  
% constituents to use for tidal prediction/reconstruction 
% character array 
tcon_in = {'M2','S2','N2','K2','O1','K1','P1','Q1'}; 
  
% time period to predict/reconstruct  

% datenum (numeric date/time) format: 

% YYYY,MM,DD,HH,mm,SS 
start_date = datenum(2020,07,01); 
end_date = datenum(2020,12,31); 
time_int = datenum(0,0,0,1,0,0); 
time_period = start_date : time_int : end_date; 
  
%%%%%%%%%%%%%%%%%%%% 

%% EXECUTE FUNCTIONS 
%%%%%%%%%%%%%%%%%%%% 

  
subgridPrep_Regional(fpath_grid, fpath_output, region, 

extract_type, bound_type, bound_specs) 
extractCustom(fpath_output, region, points, source) 
  
[const] = constReshape(region, source, tcon_in); 
[coef] = build_coef(const, tcon_in); 
  
[tide,~] = ut_reconstr(time_period’, coef); 
  
%%%%%%%%%%%%%%%%%%%%%%% 

%% SUPPORTING FUNCTIONS 

%%%%%%%%%%%%%%%%%%%%%%% 
  
% local grid extract 
function [] = subgridPrep_Regional(fpath_grid, fpath_output, 

region, extract_type, bound_type, bound_specs) 
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%% subgridPrep_Regional() Writes input files for and runs 

resultScope.exe 
% 
% OVERVIEW 
%  
% Writes input file for resultScope.exe (ADCIRC sub-grid  

% extract program) with user-specified inputs; 

% 
% Executes resultScope within MATLAB and moves output files to 
% user-specified output path and folder; 
%  
% resultScope  
% input: 
% -ADCIRC grid (path and filename, *.grd) [string] 
% -ADCIRC elevation harmonic file (path and filename, *.53) 

%  [string] 
% -ADCIRC velocity harmonic file (path and filename, *.54) 

%  [string] 
% output: 
% -regional/local grid file (*.grd) 
% -regional/local elevation harmonic file (*.53) 
% -regional/local velocity harmonic file (*.54) (if  

%  specified) 
% 
% Marissa J. Torres 
% 9/18/2018 
  
% LIST FILES IN FPATH_GRID 
adc_grd = dir(fullfile(fpath_grid,'*.grd')).name; 
adc_elv = dir(fullfile(fpath_grid,'*.53')).name; 
adc_vel = dir(fullfile(fpath_grid,'*.54')).name; 
  
% PRINT RESULTSCOPE.EXE INPUT FILE 
  
% check if directory exists 
if isequal(exist([fpath_output,region],'dir'),7) 

fid=fopen([fpath_output,region,'/',region,'_subregion.in'],

'w'); 
else 

mkdir(fpath_output,region); 
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fid=fopen([fpath_output,region,'/',region,'_subregion.in'],

'w'); 
end 
  
fprintf(fid,'%1d\n',1); 
fprintf(fid,'%s\n',region); 
fprintf(fid,'%s\n',fullfile(fpath_grid,adc_grd)); 
fprintf(fid,'%d\n',extract_type); 
fprintf(fid,'%s\n',fullfile(fpath_grid,adc_elv)); 
if mod(extract_type,2)==1 
 fprintf(fid,'%s\n',fullfile(fpath_grid,adc_vel)); 
end 
fprintf(fid,'%d\n',bound_type); 
if bound_type == 1 || bound_type == 2 
 fprintf(fid,'%3.8f %3.8f\n',bound_specs); 
else 
 fprintf(fid,'%s\n',bound_specs); 
end 
fclose(fid); 
  
  
% RUN RESULTSCOPE.EXE 
program = sprintf('%s','resultScope'); 
  
inp = [fpath_output,region,'/',region,'_subregion.in']; 
  
execute = sprintf('%s %s %s',program,'<',inp); 
system(execute) 
  
mv = ['move ',region,'* ',fpath_output,region]; 
system(mv); 
  
  
end 
  
% elev and vel extract from local/regional database 
function [] = extractCustom(fpath_output, region, points, source) 
%% extractPrep() Writes input files for and runs db_extract.exe 
% 
% OVERVIEW 
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%  
% Writes input file for list of points to extract from regional  

% database, saves to fpath_output/region folder; 
% Writes input file to execute db_extract, saves to  

% fpath_output/region folder; 
% Executes db_extract for specified inputs, saves to  

% fpath_output/region folder; 
% 
% DB_EXTRACT  
% input: 
% -region extraction points file (path and filename,  

%  *Points.in) [string] 
% -region grid file (path and filename, *.grd)[string] 
% -region elevation harmonic file (*.53) [string] 
% -region velocity harmonic file (*.54) [string] 
% 
% output: 
% - elevation harmonic components, elev_hc.out 
% - velocity harmonic components, vel_hc.out 
% - summary/diagnostic file, tides.dia 
% 
% 
% Marissa J. Torres 
% ERDC/CRREL 
% 9/5/18 
  
% PRINT CUSTOM POINTS FILE 
lon = points(:,1); 
lat = points(:,2); 
nlocs = length(lon); 
  
fid=fopen([fpath_output,region,'/',region,'_',source,'.in'],'w'); 
fprintf(fid,'%d\n',nlocs); 
fprintf(fid,'%f %f\n',[lon,lat].'); 
fclose(fid); 
  
% PRINT DB_EXTRACT INPUT FILE 
  
fid2=fopen([fpath_output,region,'/',region,'_extract.in'],'w'); 
fprintf(fid2,'%d\n',3); 
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fprintf(fid2,'%s\n',[fpath_output,region,'/',region,'_',source,'.

in']); 
fprintf(fid2,'%s\n',[fpath_output,region,'/',region,'-sub.grd']); 
fprintf(fid2,'%s\n',[fpath_output,region,'/',region,'.53']); 
fprintf(fid2,'%s\n',[fpath_output,region,'/',region,'.54']); 
fclose(fid2); 
  
% RUN DB_EXTRACT.EXE 
program = sprintf('%s','db_extract'); 
fprintf(['custom: extracting ',region,' points ... \n\n']) 
chkdir = [fpath_output,region,'/',source]; 
if isequal(exist(chkdir,'dir'),7) 
 mv1 = ['move *dia ',chkdir]; 
 mv2 = ['move *out ',chkdir]; 
else 
 mkdir(chkdir); 
 mv1 = ['move *dia ',chkdir]; 
 mv2 = ['move *out ',chkdir]; 
end 
  
inp = [fpath_output,region,'/',region,'_extract.in']; 
  
execute = sprintf('%s %s %s',program,'<',inp); 
[~]=system(execute); 
  
[~]=system(mv1); 
[~]=system(mv2); 
  
fprintf('\ndone\n') 
end 
  
% reshape ADCIRC constituents to match UTide input formatting 
function [const] = constReshape(region, source, tcon_in) 
%% constReshape() Prepare extracted tidal constituents for tidal 

prediction analysis 
% 
% OVERVIEW 
% 
% This function reshapes the output files from db_extract  

% (elev_hc and vel_hc) to the format accepted by UTide  

% ut_reconstr.m. 
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% 
% INPUT/OUTPUT PARAMETERS 
% - region of interest [string] 
% - source/subset of tide points within region in  

%  consideration [string] 
% - tcon_in list of desired tidal constituents written  

%  in standard format (i.e. no parantheses) [character  

%  array] 
%  
% Marissa J. Torres 
% 9/5/2018 
  
% LIST CONSTITUENTS AS WRITTEN IN ADCIRC DATABASE 
tconDB = 

{'M(2)','N(2)','S(2)','K(2)','O(1)','K(1)','Q(1)','P(1)',... 

'M(4)','M(6)','MK(3)','S(4)','MN(4)','Nu(2)','S(6)','Mu(2)',... 
'2N(2)','OO(1)','S(1)','J(1)','Mm','Ssa','Sa','Msf','Mf',... 

'Rho(1)','T(2)','R(2)','2Q(1)','2SM(2)','M(3)','L(2)','M(8)',... 
'MS(4)'}; 
  
% PARSE AMP AND PHASE BY TIDAL CONSTITUENT 
fpath = [fpath_output,region,'/',source]; 
  
fid = fopen(fullfile(fpath,'elev_hc.out')); 
out = textscan(fid,'%s%s'); 
fclose(fid); 
  
a = out{1,1}; 
p = out{1,2}; 
  
nconst = 37; % number of total constituents 
npts = (length(a)-nconst)/nconst; % number of extraction points 
fprintf('constReshape: parsing constituents ... ') 
for i = 1:length(tconDB) 
 tcon.(['t',char(tcon_in(i))]) = []; % declare matrix 
  
 [ind(i),~] = find(strcmp(char(a{:,1}),tconDB(i))); 
  
 A = str2num(char(a{ind(i)+1:ind(i)+npts,1})); 
 P = str2num(char(p{ind(i)+1:ind(i)+npts,1})); 
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 tcon.(['t',char(tcon_in(i))]) = [A,P]; 
end 
% WRITE CONSTITUENTS IN TIDAL PREDICTION INPUT FORMAT 
fprintf('reshaping ... ') 
for i = 1:npts 
 s=1; 
 for j = 1:length(coef.name) 
 try % naming conventions not exactly equal between database and 

model 
 amp(s,:) = tcon.(['t',char(tcon_in(j))])(i,1); 
 pha(s,:) = tcon.(['t',char(tcon_in(j))])(i,2); 
 s=s+1; 
 catch % RHO1 versus RHO 
 nam = char(coef.name(j)); nam = nam(1:end-1); 
 amp(s,:) = tcon.(['t',nam])(i,1); 
 pha(s,:) = tcon.(['t',nam])(i,2); 
 s=s+1; 
 end 
 end 
  
 const.A(:,i) = amp; 
 const.g(:,i) = pha; 
  
end 
const.name = coef.name; 
  
fprintf('done\n') 
end 
  
% build UTide coefficient structure 
function [coef] = build_coef(const, tcon_in) 
%% build_coef() Generates UTide coefficient structure from 

scratch 
% 
% OVERVIEW 

% 

% Create the coefficient structure needed for input in UTide, 

% ut_reconstr.m 

% 



ERDC SR-21-3  42 

% Tidal harmonic amplitude and phase values from ADCIRC 

% provided as input in coefficient structure 

% 

% input: 

% - const: formatted amplitude and phase values 

% from ADCIRC tidal database computed from 

% constReshape 

% - tcon_in: list of tidal constituents associated 

% with value in const, and to be used in the 

% reconstructed time series 

% 

% output: 

% - coef: coefficient structure used in ut_reconstr.m 

% 

% Marissa J. Torres 

% ERDC/CRREL 

% 7/2/2020 

  
% LOAD UTIDE CONSTANTS FILE 

% included in UTide package 
 load('ut_constants.mat');  
  
% BUILD COEF 
 coef.name = tcon_in; % [n x 1] cell 
 coef.A = const.A; % [n x m] double 
 coef.A_ci = zeros(size(coef.A)); % [n x m] double 
 coef.g = const.g; % [n x m] double 
 coef.g_ci = zeros(size(coef.g)); % [n x m] double 
 coef.mean = zeros(1,size(coef.A,2)); % [1 x m] double 
 coef.slope = zeros(1,size(coef.A,2)); % [1 x m] double 
 coef.aux.frq = const.freq(ismember(const.name,tcon_in));% [n x 

1] double ** lookup in const.mat 
 coef.aux.lind = find(ismember(const.name,tcon_in)); % [n x 1] 

double ** index in const.mat 
 coef.aux.lat = lat; % [1 x m] double 
 coef.aux.reftime = reftime; % [1 x m] double 
 coef.aux.opt.twodim = 0; % 0 or 1 
 coef.aux.opt.equi = ones(1,size(coef.A,2)); % [1 x m double of 

1's or 0's] 
 coef.aux.opt.notrend = 0; % 0 or 1 
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 coef.aux.opt.prefilt = []; % [] 
 coef.aux.opt.nodsatlint = 0; % 0 or 1 
 coef.aux.opt.nodsatnone = 0; % 0 or 1 
 coef.aux.opt.gwchlint = 0; % 0 or 1 
 coef.aux.opt.gwchnone = 0; % 0 or 1 
 coef.aux.opt.infer = []; % [] 
 coef.aux.opt.inferaprx = 0; % 0 or 1 
 coef.aux.opt.rmin = 1; % default 
 coef.aux.opt.method = 'cauchy'; % default 
 coef.aux.opt.tunconst = 2.3850; % default 
 coef.aux.opt.tunrdn = 1; % assuming 0 or 1 
 coef.aux.opt.linci = 0; % 0 or 1 
 coef.aux.opt.white = 0; % 0 or 1 
 coef.aux.opt.nrlzn = 200; % default 
 coef.aux.opt.lsfrqosmp = 1; % assuming 0 or 1 
 coef.aux.opt.nodiagn = 0; % 0 or 1 
 coef.aux.opt.diagnplots = 0; % 0 or 1 
 coef.aux.opt.diagnminsnr = 2; % default 
 coef.aux.opt.ordercnstit = 'frq'; % default 
 coef.aux.opt.runtimedisp = 'nnn'; % default for groups 
 coef.aux.opt.cnstit = coef.name;% [n x 1] cell 
  

end 
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Unit Conversion Factors 

Most measurements and calculations for this study were presented in SI 
units. The following table can be used to convert SI units to English 
customary units. 

Multiply By To Obtain 

m 3.28084 ft 

km 0.621371 mi 

km 0.539957 nmi 
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Acronyms and Abbreviations 

ADCIRC Advanced Circulation  

CHRPS Coastal Hazards Rapid Prediction System  

CHS Coastal Hazards System 

CO-OPS Operational Oceanographic Products and Services 

ENPAC Eastern Pacific  

IDE Integrated Development Environment  

IHO International Hydrographic Organization  

lon/lat longitude/latitude  

MSL Mean sea level 

NACCS North Atlantic Coast Comprehensive Study  

NOAA National Oceanic and Atmospheric Administration  

NOS National Ocean Service  

OS Operating System  

PCHA Probabilistic Coastal Hazard Analysis  

SACS South Atlantic Coastal Study  

StormSim Stochastic Storm Simulation System  

SWL still water level  

TC tropical cyclone 

USACE US Army Corps of Engineers 

UTide Unified Tide  

WNAT Western North Atlantic  

XC extratropical cyclone 
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