
Journal Pre-proof

Estimating annual energy production from short tidal current records

Tongtong Xu, Kevin A. Haas, Budi Gunawan

PII: S0960-1481(23)00258-6

DOI: https://doi.org/10.1016/j.renene.2023.02.107

Reference: RENE 18427

To appear in: Renewable Energy

Received Date: 4 March 2022

Revised Date: 9 February 2023

Accepted Date: 21 February 2023

Please cite this article as: Xu T, Haas KA, Gunawan B, Estimating annual energy production from short
tidal current records, Renewable Energy (2023), doi: https://doi.org/10.1016/j.renene.2023.02.107.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier Ltd.

https://doi.org/10.1016/j.renene.2023.02.107
https://doi.org/10.1016/j.renene.2023.02.107


 

1 

 

Tongtong Xu: Methodology, Formal Analysis, Writing- Original draft preparation. Kevin Haas: 1 

Conceptualization, Supervision, Writing- Reviewing and Editing.  Budi Gunawan: Project 2 

Administration, Funding Acquisition, Writing- Reviewing and Editing, 3 

Jo
urn

al 
Pre-

pro
of



 

1 

 

Estimating annual energy production from short tidal current records 1 

Tongtong Xua,b, Kevin A. Haasc, Budi Gunawand 2 

 3 

aNOAA Physical Sciences Laboratory, Boulder, CO. 4 

bCIRES, University of Colorado, Boulder, CO. 5 

cSchool of Civil and Environmental Engineering, Georgia Institute of Technology, Atlanta, US. 6 

dWater Power Technologies, Sandia National Laboratories, Albuquerque, US. 7 

 8 

*Corresponding Author 9 

Kevin A. Haas  10 

Email: kevin.haas@ce.gatech.edu 11 

Address: 790 Atlantic Dr NW, Atlanta, GA 30332 12 

 13 

Highlights: 14 

1. The accuracy of annual energy production (AEP) estimation does not necessarily improve 15 

with the use of a longer tidal current record for its calculation 16 

2. Computed AEP uncertainties are in resonance with relevant astronomical influences 17 

3. AEP assessment is improved by following optimal strategies for short record measurements 18 

 19 

 20 

Submitted to Renewable Energy 21 

February, 2023 22 

 23 

Jo
urn

al 
Pre-

pro
of



 

1 

 

Abstract: 1 

Deploying Tidal Energy Converters for electricity generation requires prior-knowledge of the 2 

potential Annual Energy Production (AEP) at the site. Ideally, using a year-long tidal current 3 

record at the proposed site to minimize uncertainty. However, such records are often unavailable. 4 

Fortunately, using the periodic nature of tidal variability, the International Electrotechnical 5 

Commission Technical Specification for tidal energy resource assessment requires AEP 6 

calculation using at least 90 days of tidal current records at each turbine location. The sensitivity 7 

of AEP to different record durations has not been fully assessed. This is the goal of our study. 8 

The study utilized the U.S. tidal energy geodatabase to simulate tidal currents with various 9 

lengths, during 100 years of the 21st century. We then consider two frameworks for evaluating 10 

AEP: (a) The long-term (months) fixed instrument (FI) measurement at each proposed tidal 11 

turbine location, and (b) one FI measurement and short-term (hours) boat-based moving vessel 12 

measurements. Under the two scenarios, we examine the AEP assessed from short tidal current 13 

records, including how the AEP uncertainties vary spatially and temporally, and how they are 14 

associated with various astronomical factors. This helps provide guidance on choosing the 15 

appropriate assessment methodologies to reduce the AEP uncertainties and project cost. 16 

 17 

Keywords: 18 

Tidal energy converters; synthetic tidal currents; annual energy production; statistical 19 

uncertainty; least square regression; astronomical influence 20 

1. Introduction 21 

The continuously growing global energy demand has been mainly met by fossil fuel 22 

combustion, leading to expansion of carbon emission and exacerbation of global warming [1]. 23 
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To constrain the global warming to 1.5oC above pre-industrial level, the renewable share in 24 

electricity generation is required to reach 50% by 2030 and 70% by 2050 [2]. In 2020, 29% of 25 

electricity generation is supplied by renewables [1] (26% in 2018 [3]), among which solar and 26 

wind energy are the major contributors and projected to continuously expand in the near future 27 

[4]. Tidal energy has the potential for becoming a contributor to the renewable energy portfolio 28 

due to its predictability and the constantly improving technology for extraction, making it a 29 

potentially reliable and dependable energy source. 30 

Tides are the regular rise and fall of the ocean surface and the induced currents, derived from 31 

the gravitational and centrifugal force balance between the earth, moon, and sun [5]. A lunar day 32 

(24 hours and 50 minutes) is the time it takes for a fixed point on earth to complete a rotation 33 

under the same point on the moon. Correspondingly, the forces on that point changes from the 34 

strongest gravitational pull of the moon to the strongest centrifugal force, generating two high 35 

tides per day [6]. The existence of continents greatly interferes with the surging process, 36 

resulting in distinct tidal characteristics, including (a) semidiurnal tides, featured by two high 37 

tides and two low tides per day, (b) diurnal tides, i.e., daily occurrence of one high tide and one 38 

low tide, and (c) mixed tides, having signatures in between [7]. Twice per month during a lunar 39 

month (29.53 days), the moon orbits around the earth to a position that the moon, sun and earth 40 

are nearly in alignment, where the gravitational forces of the moon and the sun are 41 

superimposed, leading to higher-than-average tidal ranges, denoted as spring tides [8]. Neap 42 

tides, referring to lower tidal ranges, also occur twice a month when the sun and moon are 43 

aligned at a right angle from the earth. The long-term tidal variation is modulated by the 18.61-44 

year lunar nodal cycle. The orbit of the moon is inclined at a constant 5o 9’ to the ecliptic, the 45 

plane in which the earth orbits the sun, whereas the earth’s equatorial plane is inclined at a 46 
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constant 23o 27’ to the ecliptic. The resulting lunar declination, the angle of the lunar orbit to the 47 

equator, is dynamically changing, reaching to a maximum (23o 27’+5o 9’) and a minimum (23o 48 

27’-5o 9’) once every 18.61 years, which leads to the largest nodal modulation of diurnal tides 49 

and semidiurnal tides, respectively [9-11]. Due to these astronomical formations, tides are 50 

inherently periodic and predictable, making tidal energy available on a consistent basis, which is 51 

a desired feature for reliable energy generation. 52 

Tidal energy includes both tidal range and tidal stream energy, extracted from the regular rise 53 

and fall of the ocean surface and the induced current, respectively. Presently, tidal range energy 54 

has been harnessed on a commercial scale using tidal barrages, designed to create an artificial 55 

phase difference by impounding water and subsequently allowing it to flow through turbines 56 

[12]. However, due to the high cost of constructing a dam and potentially significant 57 

environmental impacts from damming, only several commercial tidal barrages are currently 58 

present, in France [13], Russia [6], Canada [14], China [15], and Korea [16]. In contrast, 59 

extracting tidal stream energy directly from the moving water with Tidal Energy Converters 60 

(TECs) requires less infrastructure and allows more flexible site selections. As such, much of the 61 

ongoing development has been devoted to tidal stream technology. Prototype and pioneering 62 

devices have been tested in several demonstration sites, including: the US Federal Energy 63 

Regulatory Commission Pilot Project-licensed Roosevelt Island Tidal Energy project at New 64 

York City’s East River [17, 18]; the Zhoushan experiment in China [19]; the MeyGen project in 65 

Scotland [20]; the Orbital Marine Power’s floating tidal energy commercialization project, 66 

Scotland, that supports the electricity needs of approximately 830 UK homes in 2020 [20]. Their 67 

upgraded in-operation O2 turbine since summer 2021 aims to provide annual electricity to 2000 68 

UK homes [21, 22].  69 
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When determining the suitability of tidal stream sites, comprehensive regional resource 70 

assessments should be performed to evaluate the Annual Energy Production (AEP). The 71 

European Marine Energy Centre in 2009 [23] and the International Electrotechnical Commission 72 

in 2015 (hereinafter referred to as IEC-62600-201) [24] have outlined a unified technical 73 

specification, regarding modeling, measurement, and analysis of the AEP based on tidal current 74 

records. For the purpose of computing the AEP, the technical specification recommends a 75 

minimum in-situ measurement of 90 days whereas the minimum hydrodynamic simulation needs 76 

to be one year. In addition, the tidal current variation of the measured or simulated time period 77 

should be comparable to the tidal current variation in a typical year. The term “typical” refers to 78 

a period of time with little nodal effect, as opposed to strong nodal modulation, which we will 79 

show accounts for ~10 % of the AEP estimation uncertainty. Hence, the technical specification 80 

has acknowledged the uncertainties of the AEP estimation from short tidal current records; 81 

however, the quantification of these uncertainties has not been completed. 82 

In numerical and observational studies that adopt the guidelines of the technical specification 83 

(e.g., [25, 26]), the uncertainties of the AEP estimation are rarely extensively discussed. One 84 

exception is the Admiralty Inlet tidal characterization, U.S. [27], which explicitly analyzed how 85 

the mean power density estimated from increasingly longer records gradually approaches the 86 

actual annual evaluation. Another example is the Alderney Race tidal characterization, France 87 

[28], which quantifies the decadal variability of AEP modulated by the lunar nodal cycle. In 88 

addition, an assessment of AEP in north-western Europe has documented that the lunar nodal 89 

cycle can contribute up to 10% AEP uncertainty [29], consistent with studies focusing on several 90 

other regions (see references in [29]). Yet these are site specific regional studies, which may not 91 

be sufficient to deliver general conclusions on the AEP uncertainties.  92 
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To compensate for the lack of uncertainty analysis in the first edition IEC-62600-201, an IEC 93 

Maintenance Team (MT) is working to expand on the unresolved issues. Besides quantifying the 94 

AEP uncertainties estimated directly from short tidal current records, an equally relevant topic is 95 

to explore indirect AEP computations, referring to (a) projecting a high-resolution long-term 96 

tidal current record at one location onto a nearby location with a tidal record of hours, and 97 

subsequently (b) assessing the AEP of the nearby location from the inferred long-term tidal 98 

record. One example is Ref. [30]. The indirect method, if robust, can be particularly useful and 99 

cost effective for assessing the AEP of TEC arrays by greatly reducing the number of required 100 

instruments and measurement durations. 101 

Given the aforementioned unresolved issues regarding AEP uncertainties, here our study 102 

focuses on conducting comprehensive AEP uncertainty assessment directly or indirectly derived 103 

from short tidal current records. For tidal data, we utilize the pre-validated U.S. tidal energy 104 

geodatabase [31] containing over 3.6 million geographic locations and their harmonic 105 

constituents, to generate a large quantity of long-term tidal records. The geodatabase allows us 106 

the flexibility to explore many potential options of single TEC and TEC arrays deployment, for 107 

which we analyze the uncertainties associated with direct and indirect AEP assessment, 108 

respectively. Through this analysis, we aim to (a) quantify the uncertainties of AEP assessment, 109 

including their spatial distribution and temporal variation, (b) improve our understanding on how 110 

the uncertainties are related to the astronomical sources, and (c) provide statistically robust 111 

guidelines on best practices for future measurements and choosing the most appropriate 112 

assessment methodologies for computing AEP. 113 
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2. Data and Methods 114 

2.1 Data 115 

We obtained the U.S. tidal energy geodatabase [31] containing 3.6 million geographic 116 

locations and their water depths, depth-averaged mean current magnitudes, dominant water level 117 

and tidal current constituents, including semidiurnal (𝑀2, 𝑁2, 𝑆2), diurnal (𝐾1, 𝑂1, 𝑄1) 118 

constituents and shallow water harmonics (𝑀4 and 𝑀6). The geodatabase was built from multiple 119 

simulations of the U.S. coastal waters, using the Regional Ocean Modeling System (ROMS) 120 

[32], a well-known three-dimensional free-surface terrain-following numerical model. All 121 

ROMS subdomains have an average grid spacing of at least 350 m within the inshore regions of 122 

interest; only the aforementioned tidal constituents were simulated, although nodal corrections 123 

were included in creating the forcing for the model (see [31] for details regarding the 124 

geodatabase). Because the present study is focused on the methodologies rather than performing 125 

the actual tidal energy resource assessment, the model resolution and number of constituents 126 

provide enough detail to evaluate the effectiveness of the methods. 127 

The constituents were processed by T-TIDE [33], a Matlab toolbox of a standard harmonic-128 

based prediction method. These constituents were then used to generate depth-averaged tidal 129 

current and water level records of various durations during the 21st century, using the function 130 

“t_predic” of the T-TIDE toolbox. The nodal corrections based on the latitude are included by T-131 

TIDE when creating the time series. 132 

2.2 Direct AEP assessment of single TECs 133 

The theoretical output power of a TEC is related to the kinetic energy of the currents [34]. 134 

The power per unit area (W/m2), without considering the turbine efficiency and other potential 135 

losses in power extraction, is given by, 136 
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p =

1

2
𝜌U3, (1) 

where 𝜌 = 1025 𝑘𝑔/𝑚3 is the density of seawater, and U is the depth-averaged horizontal 137 

current velocity. We also do not consider the potential tidal phase differences across the water 138 

column, which may cause tidal currents at different water depths reaching peak current 139 

magnitudes at a different time. Our results thus represent the depth-averaged and theoretical AEP 140 

assessment. 141 

To estimate the AEP of a potential TEC site, a current magnitude time series at the site, U(𝑡), 142 

is processed into velocity bins to compute the discrete probability distribution, denoted as, 143 

 𝑓𝑖 = P(U𝑖−1 ≤ U(𝑡) < U𝑖), (2) 

where U𝑖 is the 𝑖-th bin of U(𝑡), 𝑓𝑖 is the probability of U(𝑡) between U𝑖−1 and U𝑖, 𝑖 ranges from 144 

1 to 𝑁, and 𝑁 is the total number of bins. 𝑁 = 20 in this study, and the velocity bins were evenly 145 

distributed from 0 to maximum of U(𝑡). The bin width is max(U(𝑡)) /20, in which the 146 

maximum is derived directly from the current magnitude time series of the site. U(𝑡) is obtained 147 

through “t_predic” (see section 2.1). 148 

According to IEC-62600-201 [24], the AEP with the unit of 𝑘𝑊 ∙ ℎ𝑟 is determined as the 149 

weighted sum of the power produced by each velocity bin, multiplied by the total hours per year 150 

(𝑁ℎ = 8760 hours), as followed,  151 

 

AEP =
𝑁ℎ

1000
⋅ ∑p𝑖 ⋅ 𝑓𝑖

𝑁

𝑖=1

, (3) 

where p𝑖 is computed from (1) with U =
1

2
(U𝑖−1 + U𝑖). The 1000 converts W into kW. [Note 152 

that the current magnitude time series is denoted as U(𝑡)=√𝑢(𝑡)2 + 𝑣(𝑡)2, whereas U⃗⃗ (𝑡) =153 
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𝑢(𝑡) + 𝑖 ⋅ 𝑣(𝑡) denotes the current time series with real and imaginary parts being zonal and 154 

meridional current components, respectively.] 155 

To compare the AEP estimated from a short record to that from a full-year record, we adopt 156 

the relative AEP error, 157 

 
dAEP =

AEP̂ − AEP

AEP
× 100%, (4) 

where AEP̂ is the short-record estimation, and AEP is the reference from a full year. We chose 158 

2012 as our reference, considering that 2012 is a year of limited nodal cycle influence where the 159 

AEP computed for that year is close to the 18-year average.  160 

To robustly assess the uncertainty of AEP induced by short-record tidal currents, we 161 

analyzed dAEP for many locations and time periods with various durations. Specifically, from 162 

the tidal database [31], we extracted 5338 moderate energy locations with mean current 163 

magnitude ≥ 0.5 m/s. We also identified 395 high energy locations with mean current magnitude 164 

≥ 1 m/s. In addition, all moderate energy and high energy locations have water depths ≥ 5 m, 165 

and a minimum distance between any two locations ≥ 2 km. The spatial distribution of these 166 

locations is shown in Figure 1. For each selected location, we generated the full-year-long 2012 167 

tidal current record with a temporal resolution of 30 mins; this is used to derive the reference 168 

AEP in (4). We then randomly generated 500 timestamps between the year 2000 and the year 169 

2100, following the uniform distribution (i.e., equal probability of sampling any timestamp). We 170 

then generated a tidal current record that starts from each of those timestamps and ends after 𝑑 171 

days; 𝑑 thus represents the duration of the sampled record. This results in 500 short records of 𝑑-172 

day tidal currents, upon which we evaluate AEP̂ used in (4) and derive dAEP. The above process 173 

is carried out for each location of interests, leading to a dAEP matrix of size 5338 × 500 for 174 

moderate energy locations (size 395 × 500 for high energy locations). We find that, in our 175 
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synthetic record analysis, sampling 500 tidal records sufficiently captures the tidal variability 176 

during the 21st century. 177 

 178 

 179 

Figure 1. Spatial distribution of moderate energy sites (red circles) and high energy sites (red 180 

circles with yellow edge) of interest. 181 

 182 

Furthermore, we examined multiple options of short durations, to comprehensively evaluate 183 

the AEP uncertainties and to search for the optimal choices of durations that lead to more 184 

accurate AEP assessment. Durations of short records that we examined range from 14 to 196 185 

days, which covers much shorter to much longer than the 90-day requirement specified by the 186 

IEC-62600-201. Incorporating the durations, the dAEP matrix can be generally represented as 187 

dAEP(𝑠, 𝜏, 𝑑), where 𝑠 represents a location, 𝜏 represents center of the time period being 188 

examined, and 𝑑 is the duration of that time period.  189 

We then analyzed the spatial and temporal variation of the AEP assessment uncertainty, 190 

primarily based on this dAEP(𝑠, 𝜏, 𝑑) matrix. For example for 𝑑 = 90 days, we computed the 191 

95% confidence interval of the dAEP(𝑠, 𝜏, 𝑑 = 90 days) matrix along the 𝜏 dimension, while 192 

fixing the location (𝑠). Repeating this computation for every location thus gives us the AEP 193 

uncertainty at every location of interest. We also derived the 95% confidence interval of the 194 
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dAEP(𝑠, 𝜏, 𝑑 = 90 days) matrix along the 𝑠 dimension, while fixing the time period (𝜏) being 195 

examined. Repeating this computation for every sampled time period provides us the AEP 196 

uncertainty as a function of time. 197 

2.3 Regression-based AEP assessment of TEC arrays 198 

Utility-scale tidal energy plants often need to contain an array of turbines. To be able to 199 

assess the AEP of the array, a sufficiently long tidal current record at each TEC location is 200 

required. Conducting long-term direct measurements at each individual TEC location using 201 

current profilers can be cost prohibitive, especially if a large number of TECs is proposed for the 202 

site. As a means to reduce measurement cost, we propose conducting indirect measurements 203 

using only two current profilers for assessing the AEP of an array. The two current profilers 204 

consist of a bottom-mounted one deployed for a sufficiently long period of time at one proposed 205 

TEC location, and a surface vessel mounted one that periodically measures the current at the 206 

other proposed TEC locations within the array for a very short period of time. From this point 207 

forward, the bottom mounted current profiler is termed as fixed instrument (FI) and the vessel 208 

mounted one is termed as moving vessel (MV) measurement (an example shown in Figure 2a). 209 

 210 Jo
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 211 

 212 

Figure 2. Example layout of defining the array of potential Tidal Energy Convertors (TECs) and 213 

the spatial distribution of all arrays analyzed. (a) At a pre-defined site (a highlighted circle of a 3 214 

km radius) containing at least one location of mean current magnitude ≥ 1 m/s, the highest 215 

velocity location is selected for FI measurement (red cross); the nearby high velocity locations 216 

are set for MV measurements (black cross). Color contours are the mean current magnitude. The 217 

array of TECs consists of the FI measurement and the MV measurement locations. All TECs 218 

have the mean current magnitude ≥ 0.5 m/s, the water depth ≥ 5 m, and a minimum distance 219 

between any pair of locations ≥ 0.5 km. (b) Spatial distribution of 127 arrays of TECs (red dots) 220 

defined from the tidal database, with each array containing 5-10 TECs. Yellow cross marks the 221 

geographic location of the example in (a). 222 

 223 
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The suitability of using the proposed indirect method is analyzed herein using the synthetic 224 

data from the U.S. tidal energy geodatabase [31]. The FI measurement is represented using a 225 

full-year-long tidal time series with high temporal resolution (𝛥𝑡 = 6 min) at a location. The MV 226 

measurements are represented using short time records, with durations spanning a total length of 227 

hours at each of the TEC locations (𝛥𝑡 = 1 hour). A full-year-long tidal current record at each 228 

MV measurement location is then inferred from the FI measurement, through a least-square 229 

regression method. 230 

Recall that the IEC-62600-201 [24] standard requires only a 90-day measurement record. In 231 

this study testing the regression-based indirect measurement method, we assume a year-long 232 

tidal time series in a year of limited nodal cycle influence at the FI measurement location (i.e., 233 

minimizing the uncertainty linked to the FI measurement). This allows us to isolate the AEP 234 

uncertainty associated with the indirect method, from the uncertainty associated with the direct 235 

(FI) measurement. By separately assessing the AEP uncertainty in both methods, we then make 236 

recommendations on the optimal durations of FI measurement and MV measurement (see 237 

Discussion and Conclusion). 238 

Also, tidal current records, whether they represent the FI or the MV measurement, are all 239 

obtained by processing the tidal constituents of the geodatabase through “t_predic”. Note that 240 

“t_predic” allows generation of tidal records with any specified temporal resolution. To make 241 

these records more realistically represent the measurement obtained from the field, the temporal 242 

resolution of the FI measurement is set at 𝛥𝑡 = 6 min, to resemble the sampling frequency of the 243 

FI current profilers repeatedly measuring a fixed water column. It is important to note that the FI 244 

temporal resolution needs to have a 𝛥𝑡 less than or equal to the MV temporal resolution. For this 245 

case, the temporal resolution of the MV measurement is set at 𝛥𝑡 = 1 hour. Realistically for a 246 
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properly assigned TEC array, a moving vessel can circulate around all TEC locations in an hour, 247 

during which each TEC location is measured for several minutes and an average current speed is 248 

computed, hence the approximately 1-hour resolution at each TEC. 249 

With the synthetic FI and MV records, we build the least-square regression modelling 250 

framework as follows, 251 

 

[

𝐲1(𝑡)
𝐲2(𝑡)

⋮
𝐲𝑀(𝑡)

] = 𝐋𝐱0(𝑡), (5) 

where 𝐋 is the linear operator to be solved, 𝐱0(𝑡) denotes the FI record at location 0, 𝐲𝑗(𝑡) is the 252 

MV record at 𝑗-th TEC location of the array, 𝑗 ranges from 1 to 𝑀, where 𝑀 is the total number 253 

of TEC locations surveyed using MV measurements. The total number of TEC locations at a 254 

given site is equal to 𝑀 + 1, including MV and FI measurements. 255 

The solution of 𝐋 relies on having identical timestamps for the MV and FI records, which is 256 

achieved by interpolating the FI record onto the same timestamps of the MV measurements. 257 

More realistically, as the vessel carrying the current profiler revisits the MV locations 258 

periodically, the MV measurement timestamps differ between TEC locations. Thus, the FI record 259 

is individually interpolated onto timestamps of each MV measurement location. Then we solve 𝐋 260 

as, 261 

 

𝐋 =

[
 
 
 
 
 𝐲1(𝑡𝑏1

)𝐱0(𝑡𝑏1
)
H
/ (𝐱0(𝑡𝑏1

)𝐱0(𝑡𝑏1
)
H
)

𝐲2(𝑡𝑏2
)𝐱0(𝑡𝑏2

)
H
/ (𝐱0(𝑡𝑏2

)𝐱0(𝑡𝑏2
)
H
)

⋮

𝐲𝑀(𝑡𝑏𝑀
)𝐱0(𝑡𝑏𝑀

)
H
/ (𝐱0(𝑡𝑏𝑀

)𝐱0(𝑡𝑏𝑀
)
H
)]
 
 
 
 
 

, (6) 

where 𝑡𝑏𝑗
 is the timestamps at 𝑗-th MV measurement location, and H is the conjugate transpose. 262 

Note that if the time series is real, H is equivalent to T, the transpose. In this synthetic study, we 263 
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generate MV measurement time series such that 𝑡𝑏1
= 𝑡𝑏2

= ⋯ = 𝑡𝑏𝑀
, and each timestamp of 𝑡𝑏𝑗

 264 

has an exact match in 𝑡𝑓, the timestamps of the FI record (i.e., no interpolation involved).  265 

The inferred long-term time series at MV measurement locations are obtained by, 266 

 

[
 
 
 
�̂�1(𝑡𝑓)

�̂�2(𝑡𝑓)

⋮
�̂�𝑀(𝑡𝑓)]

 
 
 

= 𝐋𝐱0(𝑡𝑓), (7) 

where �̂�𝑗(𝑡𝑓) is the inferred tidal record at 𝑗-th location. 267 

The array AEP is the summation of the individual-location AEP, ∑ AEP̂𝑗
𝑀
𝑗=0 , estimated from 268 

each inferred record and the FI record. This is compared with the reference array AEP, 269 

∑ AEP𝑗
𝑀
𝑗=0 , obtained from the full-year “true” records of the geodatabase. Thus, the relative error 270 

of array AEP is defined accordingly as, 271 

 
dAEPs =

∑ AEP̂𝑗
𝑀
𝑗=0 − ∑ AEP𝑗

𝑀
𝑗=0  

∑ AEP𝑗
𝑀
𝑗=0  

× 100%. (8) 

For robust assessment of the AEP uncertainty associated with the regression-based method, 272 

we defined 127 tidal energy sites (each site consists of an array of TECs, Figure 2b). We selected 273 

a TEC array following a similar strategy as for selecting a single TEC (see Section 2.2); that is, 274 

for each array, at least one TEC location has a mean current magnitude ≥ 1 m/s, and all locations 275 

have a mean current magnitude ≥ 0.5 m/s, a water depth ≥ 5 m, and any pair of TEC locations 276 

is separated by a distance of at least 0.5 km and at most 6 km. We generated the full-year-long 277 

(2012) tidal current and water level records at each TEC location of each tidal energy site. At 278 

each site, one TEC location is selected as the FI location and the sensitivity of the choice of the 279 

FI location is explored in this analysis and will be discussed. The rest of the sites are the MV 280 

measurement locations, at each of which we randomly generated 500 timestamps from the 2012 281 
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records. The tidal current records that start from these sampled timestamps were then extracted 282 

with 1-hour sampling rate. Record durations vary from 12 to 240 hours. From these, we 283 

computed a dAEPs(𝑎, 𝜏, 𝑑) matrix of size 127× 500 × 228. [𝑎 denotes the index of the TEC 284 

array.] 285 

For the regression framework, different combinations of input variables that we examined 286 

include (a) the velocity magnitude, 𝐱0(𝑡) = U0(𝑡), (b) the velocity magnitude and water level 287 

𝜂0(𝑡), i.e., 𝐱0(𝑡) = [
U0(𝑡)

𝜂0(𝑡)
], (c) the velocity vector , 𝐱0(𝑡) = U⃗⃗ 0(𝑡), (d) the velocity vector and 288 

water level, 𝐱0(𝑡) = [
U⃗⃗ 0(𝑡)

𝜂0(𝑡)
], (e) the cubic velocity magnitude, 𝐱0(𝑡) = U0(𝑡)

3, and (f) the cubic 289 

velocity magnitude and water level, 𝑥0(𝑡) = [
U0(𝑡)

3

𝜂0(𝑡)
]. Correspondingly, the output variables 290 

vary: (a-b) 𝐲𝑗(𝑡) = U𝑗(𝑡), (c-d) 𝐲𝑗(𝑡) = U⃗⃗ 𝑗(𝑡), (e-f) 𝐲𝑗(𝑡) = U𝑗(𝑡)
3, i.e., in the same format as 291 

the velocity component of the inputs. Thus, the AEP error matrix is expanded to 292 

dAEPs(𝑎, 𝜏, 𝑑, 𝑞). [𝑞 denotes the option of regression framework.] These options allow us to 293 

examine the optimal combination of variables, which helps us evaluate the robustness of the 294 

regression-based array AEP assessment. Because the regression is applied at each TEC location, 295 

this will account for the spatial variability of the velocity and water level. Note that for all of 296 

these options, we examine the synthetic tidal records, to evaluate the feasibility of the regression-297 

based method; validation against field measurement results remains to be conducted in the 298 

future.  299 

3. Results 300 

3.1 Spatial and temporal variation of AEP uncertainties 301 

Following the guideline of IEC-62600-201 [24], we start from examining the AEP 302 

uncertainty from 90-day tidal current synthetic records (i.e., analyzing dAEP(𝑠, 𝜏, 𝑑 = 90 days) 303 
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as outlined in 2.2). Results are shown in Figure 3. The AEP uncertainty is shown by the 95% 304 

range of AEP errors at each location of interest (Figure 3a, b). The upper bound (97.5%) and the 305 

lower bound (2.5%) AEP uncertainty at each examined location shows the scale of AEP 306 

uncertainty and how it is spatially dependent. Overall the AEP uncertainty associated with 90-307 

day records is between +/-15% along the U.S. east coast, California coast, and within Gulf of 308 

Alaska, whereas the uncertainty is between -15% and +40% along Aleutian Islands, within Gulf 309 

of Mexico and near Seattle. 310 

 311 

 312 

 313 
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Figure 3. Spatial distribution and temporal variation of the AEP uncertainty (%) estimated from 314 

90-day tidal current records. (a, b) Spatial distribution of AEP uncertainty, estimated as (a) the 315 

97.5% and (b) the 2.5% AEP errors (i.e., 95% confidence interval) at each location. Circles with 316 

a black-colored outline mark the high energy locations. (c) AEP uncertainty as a function of 317 

time. Lines (shading) represent the average (the 95% range) AEP uncertainty. Black (red) is 318 

evaluated from the moderate (high) energy locations. Dashed line marks 2012, the reference 319 

year. 320 

 321 

We also analyzed how the AEP uncertainty varies as we change the time periods (Figure 3c). 322 

Our result shows that the AEP uncertainty (shown by both the mean and the 95% confidence 323 

interval) has large low-frequency (decadal) and less high-frequency (monthly) variability, which 324 

is later found to be attributed to the lunar nodal cycle and the lunar spring-neap cycle, 325 

respectively. Comparing with the moderate energy locations (gray shading in Figure 3c), the 326 

AEP uncertainty of the high energy locations (pink shading) is smaller (cf. between +/-15% with 327 

-15% to 40%). The low frequency variability implies that the effect of the lunar nodal cycle must 328 

be factored into any long-term estimates of AEP.  329 

3.2 Lunar nodal cycle effect on AEP assessment 330 

Because all the time series include nodal corrections, to isolate the nodal cycle effect on AEP 331 

assessment, we adopted a recursive Gauss-Newton method (see Appendix), which fits a 332 

sinusoidal function to the temporally varying AEP errors. Each location is separately processed 333 

to find the amplitude and phase of the nodal fluctuation leading to minimum residual AEP errors. 334 

An example of fitting the sinusoidal function is shown in Figure 4a. At this example location, a 335 

large portion of the AEP uncertainty (total uncertainty is up to 35%) is due to the lunar nodal 336 
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cycle (red line in Figure 4a), as the residual AEP uncertainty (gray line) after removing the 337 

contribution from the lunar nodal cycle has a much smaller percentage (less than 10%). We 338 

apply this Gauss-Newton approach to obtain the portion of AEP uncertainty only associated with 339 

the nodal cycle at each location of interest (Figure 4b, c; i.e., resulting in dAEPnodal(𝑠, 𝜏, 𝑑 = 90 340 

days), with subscript nodal denoting the portion of AEP error induced by nodal cycle). At the 341 

majority of TEC locations, the scale of the nodal cycle contributed AEP uncertainties (Figure 4b, 342 

c) is similar to the scale of the full AEP uncertainties (Figure 3a, b), suggesting that the nodal 343 

cycle is a major source of AEP uncertainty when assessed from a 90-day measurement record. 344 

 345 

 346 

Figure 4. Spatial distribution and temporal variation of the AEP uncertainty (%) contributed by 347 

the nodal cycle effect. (a) Illustration of identifying and isolating the nodal cycle contribution 348 

(red line) from the full AEP uncertainties (dots) and showing the residual (gray line). (b, c) 349 

Jo
urn

al 
Pre-

pro
of



 

19 

 

Spatial distribution of the AEP uncertainty induced by the nodal cycle, with (b) showing the 350 

97.5% and (c) the 2.5% AEP errors. In (c), the red circles mark the locations of diurnal tide 351 

(10.2% of all locations), the blue circles mark the semidiurnal tide (64.4%), and the remaining 352 

are mixed tide (25.4%). (d, e, f) AEP uncertainty induced by the nodal cycle, as a function of 353 

time, separately assessed based on the category of (d) diurnal, (e) mixed or (f) semidiurnal tides. 354 

The category is based on the major axis amplitude ratio between main diurnal and semidiurnal 355 

tidal constituents (equation listed in (e) and thresholds of each category marked at the bottom of 356 

(d, e, f)). Black (red) denotes the moderate (high) energy locations. Dashed line marks 2012, the 357 

reference year. 358 

 359 

Moreover, consistent with previous studies [10, 11], we found that the location-dependent 360 

nodal modulation is linked to the characteristics of the tidal pattern, i.e., whether a location is 361 

characterized by diurnal, semidiurnal, or mixed tides. Tidal characteristics are determined by the 362 

form factor (e.g., [35]), 𝐹, a dimensionless number representing the ratio of tidal current 363 

constituents between the main diurnal and semidiurnal components, as followed, 364 

 
𝐹 =

𝐾1 + 𝑂1

𝑀2 + 𝑆2
, (9) 

where 𝐾1, 𝑂1, 𝑀2, and 𝑆2 are the tidal major axis amplitudes. Then tides are classified as diurnal 365 

(𝐹 ≥ 1.0), semidiurnal (𝐹 < 0.3), or mixed (0.3 ≤ 𝐹 < 1.0). Based on the classification, 10.2% 366 

moderate energy locations are featured by diurnal tides, mainly located along Aleutian Islands, 367 

within Gulf of Mexico and near Seattle; 64.4% locations are in semidiurnal form, located along 368 

the U.S. east coast, California coast and within Gulf of Alaska; 25.4% locations are mixed tides, 369 

and they are sporadically scattered along the coast (Figure 4c).  370 
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For each tidal category, we computed the AEP uncertainty associated with the nodal cycle. 371 

This is done by first isolating locations of a tidal form (e.g., 𝑠 = locations of diurnal tides) and 372 

calculating the statistics of dAEPnodal(𝑠, 𝜏, 𝑑 = 90 days) across those locations (Figure 4d-f). 373 

Semidiurnal tidal locations present a nodal modulation that last peaked in 2015, and will reach to 374 

maximum again in 2034, coinciding with the minimum lunar declination. Diurnal tidal locations 375 

show a nodal modulation that last peaked in 2006 and will peak again in 2025, coinciding with 376 

the maximum lunar declination. Mixed tides present the nodal modulation in between, hence 377 

having a maximum and a minimum in 2006, 2015, and so on. Our finding of the low frequency 378 

AEP uncertainty connected to the tidal forms is consistent with the equilibrium tidal theory, 379 

indicating that the nodal modulation of semidiurnal (diurnal) tides reaches a maximum when the 380 

lunar declination is at its minimum (maximum) [11]. 381 

3.3 Lunar spring-neap cycle effect on AEP assessment 382 

Next we removed the nodal modulation from the full AEP errors (i.e., dAEP(𝑠, 𝜏, 𝑑 = 90 383 

days)−dAEPnodal(𝑠, 𝜏, 𝑑 = 90 days)). The residual AEP errors are relatively spatially uniform, 384 

with the uncertainty range overall smaller than the range induced by nodal cycle (cf. Figure 5a 385 

with Figure 4b). In this section, we show that the residual AEP uncertainty is mainly associated 386 

with the lunar spring-neap cycle. 387 

 388 
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 389 

Figure 5. The AEP uncertainty (%) contributed by the lunar spring-neap cycle, fluctuated as the 390 

duration of the tidal current records varies. (a) Spatial distribution of the AEP uncertainty after 391 

removing the nodal cycle contribution. (b) An example location showing the AEP uncertainty 392 

assessed from 14.77- (solid red), 29.53- (dashed red) and 44.30-day (dotted red) tidal current 393 

records, as a function of the center time of those records. The gray line shows the current 394 

magnitude time series at the location. Line segments with endpoints mark the lengths of 14.77 395 

(solid black), 29.53 (dashed black) and 44.30 days (dotted black) for reference. (c) Same as (b) 396 

except the analysis is expanded to all locations. Line and shading represent the mean and the 397 

95% range across all locations. Black/red/blue corresponds to statistics of 14.77/29.53/44.30 398 

days. (d) 95% absolute AEP uncertainty assessed from various durations, ranging from 14 to 196 399 

days. Black (red) line is evaluated from moderate energy (high energy) locations. Gray dashed 400 

line marks the 90 days, the reference duration.  401 

 402 

Jo
urn

al 
Pre-

pro
of



 

22 

 

Note that the lunar spring-neap cycle operates on a frequency (i.e., 29.53 days) much higher 403 

than the nodal cycle. Thus, analysis based on our original 500 samples over a century may be 404 

enough to examine the low frequency variability (i.e., ~27 samples every 18 years), but may be 405 

too scarce to reflect the monthly-scale fluctuation (i.e., < 1 sample per month). This could 406 

explain why the residual AEP seems noisy over a century timeline (e.g., gray line of Figure 4a). 407 

To resolve the higher frequency variability, we randomly sampled another 500 timestamps 408 

during 2012 (i.e., ~42 samples per month) and calculated the AEP errors accordingly (i.e., an 409 

updated dAEP(𝑠, 𝜏, 𝑑) based on those timestamps, following the procedure of 2.2). 410 

We then chose an example location, and show the AEP uncertainty assessed from 14.77-day, 411 

29.53-day and 44.30-day tidal currents, corresponding to durations of 0.5, 1.0 and 1.5 lunar 412 

spring-neap cycles (Figure 5b). Among the three durations, the range of the AEP uncertainty is 413 

largest when AEP is evaluated from 14.77-day tidal currents, followed by 44.30-day and lastly 414 

29.53-day records, suggesting that the AEP error does not monotonically decrease with 415 

increasing durations. More interestingly, when the AEPs assessed from 14.77-day tidal currents 416 

result in the maximum overprediction, the AEPs assessed from 44.30-day records result in the 417 

maximum underprediction. Comparing against the tidal current magnitude time series (gray line 418 

of Figure 5b), we find that the shift from over- to underprediction by extending the record 419 

durations is linked to the portion of tidal current speeds enclosed by the record durations. A 420 

14.77-day time period may collect a high tide record (solid black line segment), whereas a 44.30-421 

day time period extended from that 14.77-day period (dotted black line segment) includes a 422 

larger portion of lower tides, hence the overprediction (up to 30% AEP assessment error) and 423 

underprediction (up to 12% AEP assessment error), respectively. Any 29.53-day time period, on 424 
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the other hand, collects a relatively full range of tidal currents, hence leading to smallest AEP 425 

errors (at most 6% AEP assessment error) among the three durations.  426 

For a robust assessment, we expand from analyzing one location to incorporate all locations, 427 

by calculating the mean and the 95% range of AEP uncertainty across all locations (Figure 5c). 428 

We find that the AEP uncertainty assessed from 14.77-day tidal currents is consistently higher 429 

than those evaluated from 44.30-day records, followed by 29.53-day records. Moreover, the peak 430 

overprediction from 14.77-day records and the peak underprediction from 44.30-day tidal 431 

currents are consistently in phase. These results support our findings based on one location, i.e., 432 

how the AEP error is sensitive to the portion of tidal currents captured by a measurement period. 433 

To better understand how the effect of lunar spring-neap cycle translates into the sensitivity 434 

to the measurement durations, we examined the AEP uncertainty as a function of durations, 435 

ranging from 14 to 196 days (Figure 5d; i.e., computing the 95% value based on the long vector 436 

of the absolute AEP errors, |dAEP(𝑠, 𝜏, 𝑑)|, for a given 𝑑). The AEP uncertainty assessed from a 437 

14-day record is the largest, ~35%. As the duration increases from 14 days to 29.53 days, the 438 

AEP error gradually decreases, reaching to a local minimum of ~5%. The AEP error starts to 439 

increase for durations longer than 29.53 days, but drops again to ~4.6% for duration of 59.06 440 

days. Overall, the AEP uncertainty shows an oscillation with a frequency of lunar spring-neap 441 

cycle and a decaying magnitude as durations increase, which corroborates with our previous 442 

finding that the AEP uncertainty is minimized for fully resolving lunar spring-neap cycles and is 443 

maximized when a lunar spring-neap cycle is partially resolved. 444 

3.4 Lunar spring-neap cycle effect on array AEP assessment 445 

We have examined the uncertainty of AEP associated with single TEC deployment, directly 446 

computed using tidal currents with a short-record. Although these analyses assume a single TEC 447 
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deployment, they are easily applicable to the expensive scenario of multiple bottom-mounted 448 

current profilers for assessing a TEC array. Alternatively, here we evaluate a cost-effective 449 

strategy for assessing array AEPs (as outlined in 2.3; Figure 2): (a) a long-term FI measurement 450 

of tidal currents at one location of the TEC array; (b) MV measurements collecting short records 451 

at the other locations; (c) the long-term records for each of these other locations are then inferred 452 

from the FI record through regression, and later used for computing the array AEP. Note that we 453 

assume that the FI measurement has a full-year tidal record (i.e., minimizing the uncertainties 454 

linked to the FI measurement), in order to evaluate the uncertainty of AEP errors linked to the 455 

inferred method or the MV measurement. 456 

Yet with the full-year record, there is still one remaining source of AEP error pertaining to 457 

the FI measurement: the choice of FI measurement location among the TEC array (Figure 6c). 458 

We hypothesize that the FI measurement is better placed at the highest energy location, rather 459 

than lowest energy, as the highest energy location contains the largest variation of tidal currents 460 

and thus might be a more suitable source for predicting nearby less energetic locations. The 461 

second hypothesis is that the FI measurement is better placed at the center of the arrays, rather 462 

than the corner, as the center position is more likely to have similar flow fields to its nearby 463 

locations and thus might be beneficial for regression, which inherently relies on such similarity. 464 

The method will be sensitive to spatial gradients in the flow field, particularly if there is a phase 465 

shift in the timing of the flow; however, if a linear relationship exists because the two sites are 466 

relatively in phase, the method can still be successful. We tested the two hypotheses by setting 467 

the FI measurement at the max or the min energy position, the center or the corner of the TEC 468 

arrays. As expected, compared with the min energy position or the corner of the array, setting the 469 

max energy location or the center of the array as the FI measurement results in a much smaller 470 
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range of AEP errors. (Note that here we analyze dAEPs(𝑎, 𝜏, 𝑑, 𝑞) associated with different FI 471 

deployment locations, while assuming 𝑞 is the tidal current magnitude time series and 𝑑 is either 472 

12 or 25 hours.) This suggests that the regression-based AEP assessment is likely more accurate, 473 

when the TEC array is designed such that the highest energy location is at the center and the FI 474 

measurement is placed at that location. 475 

 476 

 477 

Figure 6. AEP uncertainty (%) of TEC arrays sensitive to spring-neap tide, the tidal energy 478 

magnitude and locations of the FI measurements in the arrays, and various regression modeling 479 

frameworks. (a) AEP errors assessed from the 12- (red), and 25-hours (black) tidal currents of 480 

MV measurement, as a function of time. Line is the average, and the shading is the 95% 481 

confidence interval of all TEC arrays. Vertical gray solid and dashed lines mark the dates of neap 482 

tide. (b, e) AEP uncertainty assessed from various durations of MV measurements, ranging from 483 

12 to 240 hours, with (b) plotting the 95% absolute AEP errors and (e) plotting the mean. Black 484 

line is evaluated from all examined time periods; top (bottom) dashed line is evaluated from neap 485 

(spring) tide time periods. (c) Boxplot showing the mean (middle lines) and the 95% confidence 486 

interval (from top to the bottom of bars) AEP errors, assuming that the FI measurement is placed 487 
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at highest vs. lowest mean current magnitude position, and center vs. corner of the arrays. For 488 

each category of the FI measurement positions, the examined durations of the MV measurement 489 

are 12 (left bars of each category) and 25 (right bars) hours. (d) Same as (c) except for testing 490 

different inputs of the regression models, including current magnitudes, current magnitudes and 491 

water levels, currents with real zonal components and imaginary meridional components, 492 

currents and water levels, cubic current magnitudes, cubic current magnitudes and water levels. 493 

We then evaluated the sensitivity of the AEP assessment to the various frameworks of the 494 

inferred method. Options for the different frameworks include whether to predict the complex 495 

tidal current vectors, the tidal current magnitudes, or the cubic current magnitudes, and whether 496 

to incorporate the water levels in the input (Figure 6d; detail illustrated in 2.3). Among these 497 

options, building the regression solely based on the tidal current magnitude time series (first two 498 

bars of Figure 6d), one of the simplest frameworks, might be a robust option. (Note that here we 499 

analyze how dAEPs(𝑎, 𝜏, 𝑑, 𝑞) varies with different 𝑞, while assuming FI measurement is taken 500 

at the max energy location and 𝑑 is either 12 or 25 hours.) 501 

Following these sensitivity analyses, we establish a robust baseline - constructing the 502 

modeling framework using tidal current magnitude time series and assuming the FI measurement 503 

taken at the max energy location of the TEC arrays (i.e., the dAEPs(𝑎, 𝜏, 𝑑, 𝑞) is reduced to 504 

dAEPs(𝑎, 𝜏, 𝑑)). Based on this baseline, we examine the AEP uncertainty as a function of time 505 

as well as the durations of the measurement periods (Figure 6a). We are mainly interested in two 506 

durations, 12 or 25 hours, considering that shorter durations of mobile survey are easier to 507 

implement. We find that those 12-hr MV measurement in general leads to noisier AEP 508 

assessment and larger AEP assessment uncertainty than conducting the 25-hr MV measurement 509 

(Figure 6a). This is also seen in Figure 6c, d. We further examine this by evaluating the AEP 510 
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uncertainty linked to a wide range of MV measurement durations, from 12 to 240 hours (solid 511 

line of Figure 6b, e). We find the AEP uncertainty rapidly decreases as the MV measurement 512 

duration increases from 12 to 25 hours, and then slowly decreases for durations longer than 25 513 

hours. Our results are similar to other results in the literature (e.g. [36]), which suggest at least 514 

24-hr mobile surveys to capture the minimum tidal harmonics. 515 

More interestingly, the temporal variation of the AEP errors shows a clear fluctuation with 516 

respect to spring-neap cycle (Figure 6a). Specifically, the AEP errors reach local extremes when 517 

the MV measures neap tides (vertical solid and dashed lines in Figure 6a). In contrast, the range 518 

of AEP errors is the smallest when measuring spring tides (in between vertical lines). A larger 519 

range of AEP errors during neap tides and a smaller range of AEP errors during spring tides, 520 

whether we assume 12-hr or 25-hr MV measurement, is always present. Moreover, we find that 521 

the AEP evaluated from spring tides is rigorously better than from neap tides, for any durations 522 

of interest (dashed lines of Figure 6b, e). These results support that the array AEP errors 523 

evaluated from hours of MV measurements coupled with longer term FI measurements are 524 

largely associated with the spring-neap cycles. 525 

Lastly, through optimizing the choice of FI measurement, the modelling framework, the 526 

duration of MV measurement, and the time period to collect tidal record, our proposed indirect 527 

measurement scheme shows a relatively steady mean AEP uncertainty of -3% (Figure 6a, e). Out 528 

of the 127 TEC arrays, only 5% of the TEC arrays still show AEP uncertainty greater than 10% 529 

(Figure 7), suggesting that the strategy of regressing a FI measurement onto nearby MV 530 

measurements is a viable option.  531 
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 532 

Figure 7. Spatial distribution of the 95% absolute AEP uncertainty, by setting FI measurement at 533 

maximum energy of the TEC array, assuming 25-hour MV measurement during spring tides, and 534 

using current magnitude time series for regression. 535 

4. Discussion and Conclusion 536 

The availability of measured tidal current records is scarce, especially when compared to in-537 

situ water levels [30]. To work around this limitation, in this study we utilize the U.S. tidal 538 

database containing tidal harmonics of millions of locations, for the advantage of generating tidal 539 

records for any time periods at a large quantity of locations. This allows us to rigorously examine 540 

the uncertainty of the AEP assessment linked to short tidal current records, and to provide 541 

comprehensive understanding of source of errors and impact. 542 

However, generating short tidal records based on tidal harmonics results in pure tidal time 543 

series, and the AEP uncertainty derived from these pure tides therefore does not resolve the 544 

impact from any non-astronomical sources. These sources may include weather related effects, 545 

such as storm surges, waves, and climatic seasonal variability. Thus, without incorporating non-546 

tidal effects, we acknowledge that the scale of the AEP errors may have been underestimated, 547 

compared to the AEP uncertainty analyzed from in-situ current time series. On the other hand, it 548 

is possible to collect current data during time periods of calm synoptic conditions [37], thereby 549 
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restricting the non-tidal factors to be less influential and more comparable with numerical model-550 

derived AEP. 551 

The use of boat-based MV measurements for capturing flow structure and velocity 552 

distributions in open channel flows, such as rivers, is not uncommon [38-46]. This approach 553 

aims to collect data while the boat is moving, hence, only one data point is typically obtained in 554 

each location along the boat path (a current profiler typically has a sampling rate of 1 or 2 Hz). 555 

This approach is useful for mapping the velocity and calculating flow discharge in a river cross-556 

section. Several factors such as the stochastic nature of flow in rivers in which the flow discharge 557 

changes quickly over time, the high variability of bathymetry and topography within a relatively 558 

short distance, and coupled with the inherent technical limitation of current profilers (diverging 559 

acoustic beams, measuring in inhomogeneous flow, Doppler noise), often contribute to the 560 

uncertainty of the current measurements significantly at riverine sites [47, 48]. The MV 561 

measurements proposed for this project is different from the approach typically used in river 562 

applications. The approach taken here is to essentially take a longer measurement (e.g., 5 563 

minutes, which typically equivalent to 300-600 data points) at each station, and use the time-564 

averaged velocity at each station to significantly reduce random error [40, 48, 49]. This time-565 

averaged velocity, which removes instantaneous velocity fluctuations, are comparable to that 566 

obtained from numerical models, such as ROMS. In a tidal environment, a time averaging 567 

window between 3 and 5 min is generally sufficiently long enough for minimizing the variations 568 

caused by large-scale eddies, while at the same time is short enough for ensuring the current 569 

speed within this time period is relatively unaffected by periodic changes of tidal velocity 570 

magnitude [18]. Additionally, at tidal sites, the contribution of these factors is expected to be less 571 
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significant, because unlike the stochastic nature of the flow in rivers, tidal flow is highly 572 

predictable.  573 

With the synthetic tidal records of various time periods and multiple sites, we examine the 574 

role of astronomical factors on the short-record induced AEP uncertainty. These astronomical 575 

factors include the 18.61 years nodal cycle effect and 29.51 days spring-neap cycle effect. We 576 

find that an astronomical factor affects the AEP evaluation such that it fluctuates in the same 577 

frequency as the astronomical cycle. As tidal currents are a combined result of various tidal 578 

harmonics, the AEP uncertainty also includes the combined effect of different astronomical 579 

impacts. With each astronomical impact separately examined, we present a schematic diagram 580 

(Figure 8) to summarize the portion of AEP uncertainty linked to each astronomical factor and 581 

how the portion varies with the measurement time scale.  582 

 583 

 584 

Figure 8. Schematic diagram summarizing AEP error scales linked to different physical 585 

processes, how they are represented in measurement time scales and in the methods of being 586 

evaluated. Physical processes including spring-neap cycle and nodal cycle. Methods include 587 

evaluating TEC arrays based on regression when measurement time scale is less than 14 days, 588 

and evaluating the single TEC directly when measurement is longer.  589 
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 590 

The lunar spring-neap cycle is a critical factor that contributes to a significant AEP 591 

uncertainty, up to 33% uncertainty when the measurement duration is one half of the cycle, i.e., 592 

14.76 days. In general, the uncertainty decreases in an oscillating manner as a function of 593 

measurement duration, and is at its local minima when the record period is an exact multiple of 594 

the lunar spring-neap cycle, i.e., 1 × 29.51 days, 2 × 29.51 days, and etc. In contrast, the 595 

uncertainty is at its local maxima when the record period is an exact multiple of the lunar spring-596 

neap cycle plus one half of the lunar spring-neap cycle, i.e., 1.5 × 29.51 days, 2.5 × 29.51 days. 597 

This observation suggests that resolving a full tidal current variation in the exact length of a lunar 598 

spring-neap cycle provides a more accurate representation of the long-term tidal current 599 

statistics. In addition, when the available record of data is longer than an exact multiple of the 600 

lunar cycle, we recommend to cut off the length of the record for AEP analysis to an exact 601 

multiple of the lunar cycle, to reduce the uncertainty in AEP calculation. 602 

The lunar nodal-cycle induced AEP errors are in the order of ~10%. We emphasize that, on a 603 

measurement time scale much shorter than a nodal cycle, the portion of AEP errors linked to the 604 

nodal cycle still exists, however not apparent from the appearance of short tidal current records. 605 

Thus, we recommend to account for the contribution from the lunar nodal cycle, especially 606 

during the strong nodal effect years, such as the year 2025 and the year 2034. Notably, 607 

accounting for the nodal effect requires prior-knowledge of the multi-decadal tidal time series, 608 

which is not readily available in the fieldwork. This can be accomplished by processing the 609 

collected tidal time series by T-TIDE, obtaining the tidal harmonics, and simulating the long-610 

term tidal time series for identifying the nodal contribution. 611 
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If the measurement at a location is only on a time scale of hours, we propose that the AEP is 612 

assessed from an inferred tidal record, projected from a long-term tidal record of a nearby 613 

location based on the two locations’ co-variability. On these extremely short measurement time 614 

scales, the bi-weekly variation of a spring-neap cycle has a prominent impact on the AEP 615 

uncertainty. Specifically, the short record measurement taken during spring tide leads to a more 616 

accurate estimation of AEP with less uncertainty, compared with measurement taken during neap 617 

tide. This is likely associated with tidal variation during spring tide being much larger than 618 

during neap tide, hence providing relatively “fuller” range of tides to be captured by regression. 619 

Note that in this study, we assume a continuous MV measurement (e.g., measuring 12 or 25 620 

hours nonstop), which in the fieldwork is not always feasible. However, it is plausible to 621 

effectively extend the lengths of MV measurement, such as measuring 8 hours for 3 consecutive 622 

days. For the purpose of capturing a fuller range of tidal variation, there might be a difference, 623 

e.g., between measuring 3 days during 3 different spring tide periods, or measuring 2 days during 624 

spring tide and 1 day during neap tide, etc. Whether there is an optimal strategy for the number 625 

of days and the corresponding periods of measurement is to be investigated in a different follow-626 

up study, where we will also examine the actual FI and MV measurement time series collected in 627 

the field following the guidelines of this study. Lastly, we emphasize that, despite the difference 628 

of AEP uncertainty for MV measurement during spring and neap tide, the mean AEP uncertainty 629 

across 127 sets of TEC arrays is only 3%, hence the robustness of the inferred method. 630 

Lastly, the inferred method of choice is a least square regression, evaluated directly on tidal 631 

records rather than tidal harmonics. A classic tidal harmonic analysis applies least square fitting 632 

to find the amplitude, the inclination and the phase of a known-frequency tidal constituent. Yet, 633 

under the circumstances of hours measurement, fitting tidal harmonics directly requires solving 634 

Jo
urn

al 
Pre-

pro
of



 

33 

 

an underdetermined system, i.e., more unknowns than equations. Thus, we evaluate the least 635 

square regression on the tidal record directly, i.e., solving a statistically robust overdetermined 636 

system. The resulting AEP error is reasonable and thus supports such an inferred method. 637 

Overall, our result corroborates and extends from the recommendation of IEC-62600-201. 638 

For single TEC deployments, we recommend a 90 days measurement for projects with 639 

economical flexibility, and an exact 30 days measurement for projects with a tight budget. For 640 

TEC arrays using our inferred scheme, we recommend collecting FI measurement following the 641 

guidelines for the single TEC deployment and conducting MV measurement during spring tide 642 

for an effective length of 25 hours. In both scenarios, the nodal cycle effect can be isolated by 643 

processing the long-term measured or inferred tidal current records in T-TIDE. In summary, our 644 

study helps provide guidelines on how to optimally choose measurement time periods, under 645 

what circumstances to apply direct assessment or regression assessment, what to expect on the 646 

scale of AEP errors and the astronomical sources leading to such AEP errors.  647 
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 660 

Appendix 661 

A Recursive Gauss-Newton Method 662 

 663 

The recursive Gauss-Newton algorithm is commonly applied to solve nonlinear least square 664 

problems. In this study, given a time series of AEP error, the method is used to fit a sinusoidal 665 

function and find the amplitude, the frequency, the phase and the constant bias that leads to the 666 

least square error between the fitted and the original time series. We first assume a general form 667 

of sinusoidal function, 668 

 𝑤(𝜏) = 𝑐1 sin(2𝜋 ⋅ 𝑐2 ⋅ 𝜏 + 𝑐3) +𝑐4 (A.1) 

where 𝑐1 is the amplitude, 𝑐2 is the frequency, 𝑐3 is the phase, and 𝑐4 is the constant bias. 𝑤(𝜏) is 669 

a vector, equivalent to temporal variation of dAEP(𝑠, 𝜏, 𝑑 = 365 days) at a location 𝑠. The 670 

derivative with respect to 𝑐1, 𝑐2, 𝑐3, 𝑐4, is as followed, 671 

 𝜕𝑤

𝜕𝑐1
= sin(2𝜋 ⋅ 𝑐2 ⋅ 𝜏 + 𝑐3), (A.2) 

 𝜕𝑤

𝜕𝑐2
= 𝑐1 ⋅ 2𝜋 ⋅ 𝜏 cos(2𝜋 ⋅ 𝑐2 ⋅ 𝜏 + 𝑐3), (A.3) 

 𝜕𝑤

𝜕𝑐3
= 𝑐1 cos(2𝜋 ⋅ 𝑐2 ⋅ 𝜏 + 𝑐3), (A.4) 

 𝜕𝑤

𝜕𝑐4
= 𝟏. (A.5) 

This forms a Jacobian matrix of 𝐉 = [
𝜕𝑤

𝜕𝑐1

𝜕𝑤

𝜕𝑐2

𝜕𝑤

𝜕𝑐3

𝜕𝑤

𝜕𝑐4
]. The update direction of the iteration is 672 

determined as, 673 
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 Δ = (𝐉T𝐉)−1 (𝐉T(𝑤(𝜏) − �̂�(𝜏))), (A.6) 

where �̂�(𝜏) is the fitted time series. The iteration starts from initializing parameters, 𝐜 =674 

[𝑐1 𝑐2 𝑐3 𝑐4]T and evaluating �̂�(𝜏), 𝐉 and Δ accordingly. The estimated parameters of next 675 

step are then determined by the update rule, 676 

 𝐜𝑘+1 = 𝐜𝑘 + 𝜆 ⋅ Δ𝑘, (A.7) 

where the superscript k represents the iteration step and 𝜆 is a small-value constant, denoting a 677 

small step toward the iteration direction (in this study, we take 𝜆 = 0.001). By recursively 678 

updating 𝐜, we eventually arrive at a set of parameters leading to minimum least square error, 679 

i.e., solving argmin
𝐜

1

2
‖𝑤(𝜏) − �̂�(𝜏)‖2

2. The �̂�(𝜏) time series evaluated based on the optimal 680 

parameters is thus the nodal cycle contributed AEP error. 681 
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