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1 Introduction

As wind developers move offshore, new issues arise in estimating the long-term wind
resource at prospective sites. One such issue is the influence of a fluctuating hub height
above sea level, due to the rise and fall of the tides. The North Sea and Atlantic have
considerably higher tidal ranges than the Baltic [1] and the UK coastline experiences
higher tidal ranges than Germany, Holland and Denmark, as illustrated in Figure 1. This
issue may therefore have most pertinence for developers around the UK coastline.

Figure 1 Map of mean spring tidal range with offshore wind farm locations [2—4]
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Note: The average tidal range is about 75% of the spring range, or halfway between mean
neap and mean spring

As the tide rises and falls, the offshore wind turbine effectively moves through the wind
shear profile. Although shear profiles are commonly assumed to be less pronounced
offshore, the mean wind speed nevertheless increases significantly with height above the
surface, as shown by data from Rodsand, for example [5]. Thus we can expect on average
to find higher wind speeds at low tide and lower wind speeds at high tide, shown in
Figure 2. Tide is measured in metres above chart datum.
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Figure 2  Offshore wind turbine moving through the shear profile during a tidal cycle
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Two scenarios are considered for their implications for offshore wind resource
predictions: firstly, where wind records are available from both the offshore development
site plus an onshore reference site and, secondly, where only wind records from an
onshore reference site are available, i.e. no suitable offshore data exists.

The aims of this study are to identify any tide-induced fluctuation in wind speed, to
quantify this fluctuation and to assess how this knowledge may influence offshore wind
resource predictions.

2 Analysis of offshore data

2.1 Wind data

Wind data for this study have been available from Powergen’s offshore mast located at
Scroby Sands, near Great Yarmouth [6], the RES mast located off Skegness and the
Powergen/Saorgus site at Kish Bank lighthouse, Dublin Bay, Figure 3. Anemometry is
performed at various heights above mean sea level (AMSL): 33m/51m at Scroby Sands,
17m/29m/43m at Skegness and 31m at Kish Bank.

Figure 3 Location of offshore wind measurement sites used in this study
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2.2 Tidal data

Measured sea-state data was not available at the offshore mast locations considered in
this study. Shoreline tidal data are available at a series of ports and other coastal locations
where measurements have historically been made. Measured tidal time series (at least
~3 months) are used to determine ‘harmonic constants’ which can be used to form a
deterministic model of the tide at that location. These models are available in software
packages, generally used for predicting the tide for navigational purposes. Historical time
series of tide can be hindcasted using such packages, which have advantages over
measured time series, including coverage of a greater number of ports and 100%
availability. Errors are in the range of centimetres compared to measured data.

For this study, tidal time series have been taken from the nearest available port, see
Table 1. At Lowestoft, measured tidal data have been obtained from the British
Oceanographic Data Centre. At Skegness and Kish Bank, Proudman Oceanographic
Laboratory’s software ‘POLTIPS’ has been used to produce a tidal time history.

To transform the tide from the port to the site, Admiralty chart [7] was used. This
indicates lines of co-tide (equal time) and co-range (equal range). Differences in range
and tidal profile between the port and the site were assumed to be negligible while time
differences were estimated to the nearest five minutes and applied to the time series.

Table 1 Details of tide data sources for two offshore sites

Site Name Scroby Sands Skegness
Distance offshore 4.1km 5.3km
Height of wind measurements AMSL 33m, 51m 17m, 29m, 42m
Nearest Port with available tidal time series Lowestoft Skegness
Mean Spring Range at port 1.9m 6.0m

Mean Neap Range at port 1.1m 2.8m
Distance from port to site 21.3km 9km
Approx. tide time shift from port to site 90 mins earlier at site 5 mins earlier at site
Period of data used (complete years) 1996-1998 1999-2000

2.3 Wind speed vs. sea depth

Once concurrent time series of wind speed data and sea depth were obtained, the data
were binned by sea depth. Figure 4 shows the result of two years of ten minute data at
Skegness. A general trend of decreasing wind speed with increasing sea depth can be
seen, which is most pronounced and consistent at the lowest elevation (17m). The wind
speeds are normalised by their long-term mean to preserve confidentiality, hence the
mean wind speed is unity.
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Figure 4 Variation of wind speed with absolute sea depth at Skegness. Only bins containing at
least 1% of data are shown

Data density + 17mdata = 29m data + 43m data
—Linear (17m data) —Linear (29m data) — Linear (43m data)

1.10 r Using a restricted range of data (only those based on ples >1%) 5000
= [ “ ‘ 4500
g 1.08 { -
: | |
E 106 ! o i ] o Bl | 4000
3
o 3500
5 104 - 18 % o ¥y ¥ El = W W Rl
£ ° 3000
3 i . o 2
RS S e s LR IR R T :
5 n—h\’\_sz' ol |p g w|, |l §
g 100 "o‘l_: AT T A = =TT £
£ 3 a | 9\,;,\\\ lf2° a
Toos] S W UINE N UINE WU E SEIEEMEIEN St
2 S A m [Ti—ed 1500
% 9 A ; A A\h
2 48 5 W 9 imm.EE- e i EEEE NI NN .
£ 09 I - 5 & || 1000
= 29m line R “=0.4050

084 44010 & A B8 1Zmiine’R1Z2=06585 %8 & T8 & & & T8 & & & 18 &t

0.92 T T T T ” ﬂ T T o

13 1.8 23 2.8 3 53 58 6.3 6.8

.3 3.8 43 4.8
Sea depth above datum [m]

Note: R? is a measure of goodness of fit (1 = perfect, 0 = no fit)

At Scroby Sands and Kish Bank, the results do not demonstrate the same trend
conclusively. Peaks of wind speed are noted at either end of the tidal spectrum, though
the reasons for this are not yet clear.

2.4 Systematic variation in wind speed in a tidal cycle

The above analysis uses absolute sea depth values. The results show considerable scatter
and variation in sample size, especially during extreme tides. The results from all three
sites were not entirely coherent. To focus on the effect of the tide on the wind speed in
each tidal cycle, a systematic analysis was performed as follows:

The time series was divided into N tidal cycles: 1942 cycles at Scroby, 1384 at
Skegness, each of approx. 12 hours. The wind speed within each cycle, U, was scaled to
the range of wind speeds in that cycle to produce a new measure of wind speed, Ut,
which varies between 0 and 1:

Up=_U-Umin,  p=1tN (1)
U max,—Umin,
where
U = 10 minute mean wind speed
Umin/Umax = minimum and maximum 10 min speeds within the n™ tidal cycle

The tidal depth T, was similarly scaled in each cycle:

= L=Tmin,  p—1N )
T'max,—7T min,
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where
T = sea depth above chart datum (10 min intervals)
Tmin/Tmax = minimum (low tide) and maximum (high tide) sea depths within the

n" tidal cycle

Thus the effect of variations in wind speed at non-tidal time scales was effectively
removed and the effect of all tidal cycles averaged. New time series, Ut and Tt were
produced, varying between 1 (max. in tidal cycle) and 0 (min. in tidal cycle). When the
results from all tidal cycles were combined and binned by 77, a clearer trend emerges:
Figures 5-7. It can be seen that the effect of 7t on Ut is stronger at lower elevations, as

expected from the shear profile (Figure 2).

Figure 5 Systematic variation of wind speed in tidal cycles at Scroby Sands
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Figure 7 Systematic variation of wind speed in tidal cycles at Kish Bank, 31m height
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Figure 8 The effect of tidal range on systematic variation in wind speed during a tidal cycle at
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The effect is also greater during periods of larger tidal range, as shown in Figure 8. Here,
the Skegness data were divided into large and small tidal cycles and the systematic
analysis performed on each set. The impact on wind speed of larger tidal cycles can be
clearly seen.

2.5 Systematic variation of turbulence in a tidal cycle

Turbulence levels are largest close to the sea surface, reducing with increasing height.
Thus turbulence levels are expected to show a similar tidal influence when analysed
systematically, as described in Section 2.4. The results are shown in Figure 10.
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Figure 9 Vertical turbulence profile measured at Vindeby offshore mast
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Figure 10 Results of systematic analysis of turbulence at Scroby Sands and Skegness
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Note: The axes have been inverted to shown tide on the vertical and turbulence on the horizontal.
Thus the shape of the results can be compared to that expected from Figure 9.

Since turbulence levels are not confidential, the mean absolute value, in percent, has been
superimposed on the horizontal axis. The systematic variation has also been converted to
an absolute value by a process of averaging. Thus the scales shown on Figure 10 give the
reader a representative measure of how much the tidal cycle influences turbulence.

The result appears to be consistent with the scale of variation expected from Figure 9.

Since wake recovery is influenced by turbulence levels, the tidal influence may be
relevant for current wake models, especially when applied to seas of large tidal ranges for
the first time.

The lack of linearity seen in the above trends may be due in part to errors in the
placement of the high/low tide times. The adjustment of tide times from the port to the
sites used above is based on estimates from low resolution charts [2,7] rather than site
measurements. Measured sea-state data from the sites is required for verification of these

graphs.
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2.6 Statistical evidence

An apparent effect of sea depth on wind speed has been identified above. Confirmation
should be available from statistical calculations. Multi linear regression has been applied
to identify a model of the form:

y= b1X1 + b2X2 + o, + ann (3)

This can be used to estimate the improvement in predicting offshore wind speeds, y, from
onshore wind speeds, X, by including a tidal parameter, X.

The model was implemented by the Matlab function stepwise.m [8] which uses the
regression technique by Draper and Smith [9], giving regression coefficients b;,b,...b,
with confidence intervals and the R? statistic of the multi-linear fit. Onshore wind data
was available at Hemsby Met station [10] for Scroby Sands and an onshore mast at
Skegness. The latter provided considerably more detailed measurement (ten min. average
data, three heights, compared to hourly average at one height at Hemsby).

A factor was applied to the onshore wind speeds in order to avoid revealing the mean
offshore wind speeds, which are commercially confidential. This did not affect the graphs
and statistics relating to the tidal influence.

This analysis was not applied at Kish Bank, since the tidal effect identified there is
smaller and a smaller quantity of reliable wind data is available than at the other two
sites.

It can be seen from Table 2 that a negative coefficient is automatically assigned to the
tidal data and the R statistic is improved compared to using only onshore wind data.
Where b; is 1, this is because the onshore data was factored to force the mean to be equal
to the mean of the offshore 33m data. This did not affect the other parameters.

Table 2 Results of multi-linear regression at Scroby Sands
y X B R’
X; X, b, std error; b, std error,

U33 Uhem - 1.00 1.56% - - 0.848512
U33 Uhem Tmes 1.00 1.56% -0.02710 336% 0.848529
U33 Uhem Tpol 1.00 1.56% -0.03450 274% 0.848538
U33 Uhem log(Tpol) 1.00 1.56% -0.04778 270% 0.848541
U33 Uhem (Tpol)? 1.00 1.56% -0.00961 326% 0.848532
Usl Uhem - 1.02 1.61% - - 0.832867
Usl Uhem Tmes 1.02 1.61% -0.01190 829% 0.832870
Us1 Uhem Tpol 1.02 1.61% -0.02640 389% 0.832881
Usl Uhem log(Tpol) 1.02 1.70% -0.03996 350% 0.832886
Us1 Uhem (Tpol)? 1.02 1.70% -0.00687 494% 0.832876

Note: Std error, = (95% confidence interval of b,)/b,
R? = The proportion of variation in observation explained by the model (1 is a perfect fit)
U33 = wind speed at Scroby Sands, 33m height AMSL
U51 = wind speed at Scroby Sands 51m height AMSL
Uhem = wind speed at Hemsby Met station (factored)
Tmes = measured tide at Lowestoft
Tpol = calculated tide at Lowestoft
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Table 3 Results of multi-linear regression at Skegness
y X B R’
X; X; b, std error; b, std error;

Ul7off Ul0Oon - 0.8690 1.2% - - 0.767304
Ul7off Ul0on Tpol 0.8689 1.2% -0.02427 109% 0.767401
Ul7off UlOon  log(Tpol)  0.8689 1.2% -0.06073 155% 0.767352
Ul7off Ul0on (Tpol)? 0.8689 1.2% -0.00311 100% 0.767417
U29off U28on - 0.9096 1.0% - - 0.822671
U29off U28on Tpol 0.9096 1.0% -0.01159 200% 0.822691
U29off U28on  log(Tpol)  0.9096 1.0% -0.02268 378% 0.822677
U29off U28on (Tpol)? 0.9096 1.0% -0.00148 193% 0.822695
U43off U460n - 0.9199 0.9% - - 0.842268
U43off U460n Tpol 0.9200 0.9% 0.0152 146% 0.842302
U43off U460on  log(Tpol)  0.9200 0.9% 0.06377 123% 0.842315
U43off U460n (Tpol)? 0.9200 0.9% 0.001826 144% 0.842303

Note: U/H]off = offshore wind speed, [H]m height AMSL
U[H]on = onshore wind speed, [H]m height
Tpol = calculated tide at Skegness

At Skegness, the response of the regression to a tidal parameter is slightly better, Table 3
[11]. The improvement in R* is greater at lower elevations, where the wind shear has
greatest effect. These encouraging results support both the presence of an appreciable
tidal effect on wind speeds and the validity of including tidal data in an offshore/onshore
wind correlation.

The form of the tidal parameter may need optimisation. At Scroby Sands, a log term
appears to work best (lowest standard error, greatest improvement in R?), whereas at
Skegness, the square term fares better.

3 Use of tidal parameters in resource predictions

Two scenarios of data availability are considered. Firstly, where wind records are
available from both the offshore development site and an onshore reference site and,
secondly, where only wind records from an onshore reference site are available i.e. no
offshore data. In both instances, knowledge of tidal behaviour may prove valuable and
has hitherto generally been ignored by offshore wind resource analysts.

3.1 Offshore-onshore MCP

Most offshore wind developers will seek to correlate offshore wind speed measurements
to onshore measurement to provide an estimate of the long-term mean. In this first
scenario, the two data sets will be correlated in a Measure-Correlate-Predict (MCP)
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process. The presence of tidal fluctuations in the offshore wind records may degrade the
correlation, as it is absent in the onshore wind. The scope for improving the correlation
by removing the tidal fluctuations from offshore records is now considered.

3.1.1 Choice of tidal parameter

In order to improve the correlation between onshore and offshore data, the influence of
tide has to be either added to the onshore data or removed from the offshore data. For
this, a parameter proportional to the tide must be chosen. A possible test for a sensible
tidal parameter is removal of the systematic trend discussed in Section 2.4. The result in
Figure 10 shows the outcome using a linear parameter, optimised by trial and error. Here,
the onshore wind speed was adjusted:

U =U-+b,T “4)

Then U’ was input into equation (1) as before.

The coefficient b, used was 0.06, about twice the value suggested by multi-linear
regression (Table 3). Note the tidal coefficient is positive here, as we need to remove the
effect of the tide from the offshore wind speed, rather than add it to the onshore wind
speed as in the regression analysis in the previous section. The results in Figure 11 show
that the tidal trend was effectively removed by using this parameter.

Figure 11 Removal of systematic tidal variation in wind speed by use of a linear tidal parameter b,
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Note: Data used was the 17m elevation offshore wind speed at Skegness

3.1.2 Adjusted Measure-Correlate-Predict Process (MCP)

For MCP, in-house codes are commonly used. An example used here is WCORR,
developed by wind engineers at PowerGen, (Power Technology Centre). This uses three
straight line fits to each directional bin of data (below cut-in, up to rated and above rated)
and calculates correlation coefficients for each directional bin.

To represent real conditions, the Scroby Sands site was chosen because the onshore
data, from Hemsby Met. Station, was in the form of hourly means, rounded to the nearest
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knot. This is typical of what will be available for most offshore developers. The ten
minute data available at the Skegness onshore mast may give a more accurate correlation,
but is not a historical record.

For the current study, the onshore wind speed at Hemsby was adjusted (though the
offshore wind could have been chosen), by a linear tidal parameter, b,:

Uhcm’ = Uhcm + b2 Tpol (5)

The original and adjusted data were passed through the correlation routine and the
correlation coefficients noted (closer to unity the better the correlation). As a further test,
they were plotted in Excel and a least squares linear fit produced. The results are given in
Table 4.

Table 4 Results of correlation with and without tidal parameter at Scroby Sands
X Y Correlation coefficient " Excel R
Uhem U33 0.9005 0.8109
Uhem’ U33 0.9006 0.8110

From Table 4, it appears that removal of the tide-induced scatter provides a slightly better
correlation [12].

This could then be used to provide a prediction of mean offshore wind speed free of
tide-bias. Finally, the long term tidal influence could be applied using the long-term tidal
distribution, rather than the short-term measurements during the correlation period. In
other words, the effect of the tide would be removed during the concurrent MCP period
to reduce scatter, then put back to represent the long term mean.

The forgoing assumes that the frequency distribution of sea depths in a small sample
(e.g. a correlation bin of wind speed and direction) is not representative of the long-term
mean. Figure 12 shows an example based on two years of tidal data at Skegness,
illustrating that the small amount of data included in each bin, or cell of a wind frequency
distribution table, departs considerably from the long-term mean. If each of the
distributions on the plot were more or less equal, we could say that indeed tide and any
effect it produces, does average out over a short time. However, since the distributions
are different, we cannot make this assumption.

Figure 12 Example of tidal depth frequency distributions: long term (all data two years), in 1 wind
speed bin (one month of data), and in a wind speed/direction bin (three days of data)
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If the technique were repeated for different periods of data, a clearer picture could be
established of the benefits of a tidal-MCP. One might expect the improvement, i, in
resource prediction accuracy to be a function of the following variables:

i=f< tidal range , ! , ! (6)
data period =~ hub height

3.2 Offshore resource predictions using only onshore reference data

Some exceptions, such as the Blyth Offshore project in the UK are sites which are close
to shore and have good coastal/harbour wind data available, hence no offshore wind data
was used in resource predictions.

This second scenario, where no offshore wind data is available, is more common in
the early stages of an offshore development. Generally, the reference wind speed will be
derived from the nearest onshore measurement site. This, combined with terrain
information will be input into a wind flow modelling package, such as WaSP, to produce
the expected offshore wind regime. The hub height and shear profile will be assumed as
if the sea level were static. But in the light of the present study, it may be questioned
whether this is reasonable.

The tidal fluctuations in wind speed may not significantly affect the long-term
average wind speed, as the fluctuations are symmetrical about the mean sea level. More
significantly, the energy available in the wind may be affected, as the mean cube of the
wind speed will be increased by such variations. The following equation quantifies how
normal turbulence, 7 (a measure of variation about a mean) contributes to the mean cube
and hence the energy available in the wind:

U =U (U+31) 7
Where =2
U
And U = mean wind speed in a sampling period

O = standard deviation of wind speed

U® = mean wind speed in a sampling period

We see that the ‘extra energy’ available from the turbulence is given by 3. This applies
over a single sampling period, say one hour, but the same should apply to a longer time
period such as is the case with tidal cycles. If we now define the tidal fluctuations as 73, a
proportion of the mean wind speed in a tidal cycle [13], we can say an increase in energy
of 377 occurs. At a Ti fluctuation level of 4-5%, such as that found at Skegness, this
would equate to an increase in power of 0.5-0.75%. This would not be identified by a
WaSP and mean sea level approach.

An initial simulation was performed with and without the tidal influence, by using the
correction factor identified in Section 3.1 and measured offshore data from Skegness.
This found the increase in mean cube due to the tide was considerably smaller than
suggested above. Further work is required, though empirical evidence of this ‘extra
energy’ will be difficult to obtain, as any given site has fixed tidal characteristics.

The potential improvement in resource prediction accuracy suggested here, less than
1%, is small compared to known error levels due to wind speed records and wind flow
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models. However, in the process of making the best possible assessments, it may be
prudent to include some representation of it.

4 Conclusions

The presence of a tidal influence on wind speeds at three offshore sites has been
demonstrated. This effect varies with location and height above sea level. A tidal
parameter can be chosen to remove the influence of tides and improve the correlation of
offshore to onshore wind speeds. Furthermore, the tidal influence on hub height affects
turbulence intensity. A thorough treatment of this effect within an offshore/onshore MCP
may pay dividends of improved resource predictions, especially at high tidal range sites,
or those where short periods of wind data are available.

The tidal-induced fluctuations in wind speed should produce slightly higher energy
yields than are expected by assuming a static sea level.

5 Further work

CREST, Loughborough University, is engaging on a programme of research to
investigate further the influence of tide on offshore wind fields, as well as surface
roughness changes onshore to offshore and stability effects.
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