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Table 3 Height and Duration of the 5 largest Surges at Auk, K13 and Euro

Surge Peak Height [m] Surge Peak Duration [hours]

Auk K13 Euro Auk K13 Euro
Surge 1 2.13 1.98 2.79 139 123 39
Surge 2 1.89 1.97 2.05 118 38 36
Surge 3 1.84 1.77 2.00 94 93 20
Surge 4 1.78 1.73 1.84 50 20 31
Surge 5 1.78 1.65 1.44 41 29 31

Figures 23 to 25 show that large surges and large Hs values are generally coincident —
although as shown earlier in Tableoth page 5, the maximum surge is not coincident
with the maximum Hs. They also show that large surges can persist for considerable
times — occasionally measurable in days. In terms of extreme water level, the previous
plots are relevant in that they show that large Hs values should be accompanied by large
surges, but that the relationship is not linear because the largest surgetdméscide

with the largest Hs.

To further investigate the relationship between Hs and surge, scatter plots of Hs and
surge were generated for the 3 locations. These are shown in the following section.
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6. RELATIONSHIP BETWEEN SURGE AND WAVE
HEIGHT

In this section, the relationship between surge and wave height is examined. For each
location, the positive surges were plotted against the wave height to create a scatter plot.
If the relationship between surge height and wave height were linear, one would expect
to see a scatter of points lying approximately on a line of constant gradient of 1.
However, as the following plots show, the relationship between surge and wave height is
not a simple linear relationship. [Note that there was no appreciable difference in the
shape of the plots when using measured or model data and so, for brevity, only the
measured data plots are included below].

In the less shallow waters at Auk (85 m depth), the surges remain small for larger values
of wave height than at Euro platforms or K13, as seen in Figure 26. However, large
wave heights are not necessarily associated with large surges.

Figure 27 shows that, at K13, as the wave height (labeled as H4RMO on the x-axis)
increases, the surge also increases. However, for any given wave height, there are many
instances of surges below the maximum surge for that wave height. Thus, a large wave
height does not automatically imply that the surge will be large. Even when the waves
are particularly severe — say 7 m — surges still occur which are very small. Experiencing
a large wave does not automatically mean that the surge will be large.

At the Euro platform, Figure 28, the situation is very similar to that of K13 with the
largest wave heights having associated surges which are distributed across the range of
surge values.

In summary, the degree of association between wave height and surge is not
straightforward and is affected by location (depth). In general, as the wave height
increases, the range of surges that can be associated with the wave also increase but it
does not follow that large waves are associated with only large surges.
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Figure 26 Auk Measured: Hs-Surge (positive only) scatter plot
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Figure 27 K13 Measured: Hs-Surge (positive only) scatter plot
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Figure 28 Euro Measured: Hs-Surge (positive only) scatter plot
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1. MONTE CARLO SIMULATIONS

Whilst it is possible to convolve two distributions mathematically, the task becomes
increasingly complex as more distributions are involved. In such cases Monte Carlo
simulation (named after a location famous for its games of chance) is a recognized
technique. In broad terms, to perform a Monte Carlo simulation one has to define each
of the input parameters in terms of its frequency distribution. Sequential random
selections are then made from the several distributions describing each input parameter
in order to construct a new distribution that represents all parameters acting in
combination. This is relatively easy when the input parameters are entirely independent
of each-other, but special attention must be given to partially dependent parameters such
as, in this case, wave and surge.

Measured data sets are, at best, only tens of years in duration. This is sufficient to
identify the distributions of wave height, tide and surge and, by using Monte Carlo
methods, longer durations can be simulated.

A Monte Carlo method has been adopted in order to convolve the short and long term
distributions of waves, the tidal and surge signals. After a brief description of the
software, the results of the study are presented and discussed.

7.1 THE PROCESS

Each analysis consists of multiple individual simulations, each being run over a number

of years. For example, to extract statistics for 100 years one would perform a simulation

of 100 years duration and repeat the simulation, say, 1,000 times — thus the 100 year
statistics would be based on 1,000 entries. The more repetitions of a simulated period,
the smoother the resulting frequency distribution (such as that plotted in Figure 2) and

the more reliable will be the statistics.

7.1.1 Wave heights

The Monte Carlo simulation process works by randomly choosing Hs values for all the
sea states within the specified duration of the simulation. For the particular application
under consideration, the specified duration is normally the return period for which
extreme values are required (100 or 10,000 years). The Hs values are chosen at random
from the Hs distribution which is entered by the user in terms of the scale, shape and
location parameters of the selected distribution. If a single Hs distribution is used then
all the sea state Hs values are chosen at random from a Weibull distribution.

A multiple wave distribution option has been built into the software for this process.
This provides the option of ensuring that the distribution of sea states is not perfectly
described by any one function. If multiple distributions (of which there are 4: Weibull,
Fisher-Tippett Type 1, Fisher-Tippett Type 3 and Exponential) are used then the
distribution from which the sea state will be drawn is first chosen at random and then the
Hs is chosen at random from the selected distribution.
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The chosen Hs for a sea state is then used, in conjunction with the (fixed) Tz or
steepnessto determine how many wave crests occur in that sea state.

The correct number of crests are then chosen, at random, from a distribution of crests
based on Hs, Tz, depth using either the Forristall 2D, Forristall 3D or Rayleigh crest
distribution (user selectable).

The various options are entered via the input screen, as illustrated in Figure 29.

Simulation  Hs |Crest I Tide I Surge |
wieibul | Expanential | FT-1 | FT-3 |

—Weibull Parameters

Shape |1.3518 3:

Soale |1.328E: 3:
Location ID-2415 3:

r— Other Hz options

i lgnore Hs values below a threshold | 5.00

" Save all sea states to file

¥ Lse ather distributions...

Perform Monte Carlo Analyziz

H
Simulation Hs | Crest | Tide | Surge | Simulson He | Crest | Tide | Suge | Simulation Hs | crest | Tide | Surge |
bl Exponential | FT- : ;
Weibul Expanential | FT4 | FT3 | Weibul| Exponertial FT-1 | F1-3 | Weibull| Evponentil | FT1 FT3 |
¥ Use exponential distibLtion % Use FTI distibution ™ UseFT_IIl distribution
sosk [10626 = Scale [1.0289 = Shape [00000 =]
on 11344 = on 10077 =
Location Location |1:4077 = Sese [00000 =]

Location [00000 =]

Perform Monte Carlo Analysis Perlorm Monte Cailo Analysis Perform Monte Carlo Analysis

Figure 29 Monte Carlo: Input Specifications for Significant Wave Height

" Steepness is defined as 1/S =r{®s) / (9.81*Tz/2)
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7.1.2 Tidal heights

Tidal level variations may optionally be included in any simulation. If tides are to be
selected then the user must define the tidal regime for the study location in terms of the
harmonic constituents of tide (phase and amplitude) for that location — up to a maximum
of 62 harmonics. A time is then randomly picked from an 18.6 year (representing the
duration in which one would see the HAT — highest astronomical tide) window and
calculates the tidal level at that time. Then, as each random selection of an individual
crest elevation is made, the tidal time is incremented by the corresponding wave period
and the level at that instant is calculated. In this way only one random selection of tidal
level is made for each selected Hs value, but that tidal elevation is then allowed to
change throughout the duration of that sea state (as defined by the user) so the individual
crests within that Hs are associated with a simulated tidal signal.

An alternative description of the tide may be applied by fitting tidal elevations to a
Weibull distribution. This technique is an approximation only and is intended for use
only when harmonic constituents of tide are not available.

. . Tid
Simulationl Hs I Crest  Tide |Surge I SImU|ath| s I Erest = |Surge I

. . Tide from harmorics  Weibull distribution |
Tide fram harmanics | wieibull distibution | Lo
A —weibull Tide Parameters
r—Harmonic Tide P =
v .
¥ Include a harmonic tidal level el a e T
Mumber of harmonics to use Ia 3: Choose Tide type IWeibuII Tide j
Harmanic Phase, deg Amplitude, m
M2 =l Shepe [26054 =]
52 =l
K1 T Scale IU. 5279 3:
ﬂ Lacation ID- 0000 3:

Perfarm Monte Cailo Analysis Perform Maonte Carlo &nalysiz

Figure 30 Monte Carlo: Input Specifications for Tidal level

7.1.3 Surge heights

Prior to analysis the surge signal must be separated into positive and negative surges, and
the fit of each to a Weibull distribution then optimised and described in terms of the
scale, shape and location parameter. During this process the relative proportions of up-
and down-surges in the database is identified.

One of five surge options can be chosen for a simulation:
1. Exclude surge
2. Random Normal: each crest is assigned a surge randomly chosen from a normal

distribution with a mean value which is assigned to each sea state at random
(user defined variance and maximum mean value)
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3. Linked Normal: each crest is assigned a surge randomly chosen from a normal
distribution with a mean value which is assigned to each sea state using
probability of exceedence which is linked to that used in calculating the Hs for
the sea state (user defined variance and maximum mean value)

4. Random Weibull: for each sea state a surge is chosen at random from (user
input) Weibull distributions (one for positive and one for negative surges) of
surges and all crests in the sea state are assigned the same surge

5. Linked Weibull: the probability of exceedence which was randomly chosen to
determine the Hs is linked to the probability of exceedence of the surge (chosen
from a user input Weibull distribution). All crests in the sea state are assigned
the same surge.

Simulatiu:unl Hz I Crest I Tide Surge |

— Surge Parameters

¥ Include a zurge level

Sea-State surge from Weibull dist ks

Chooze Surge tupe

Input Yarance of Mommal Diztnbution 0.50

Input b @ximum Central Surge Value 200
Fropartion +ve surges ID-EDDD 3:

+ve SUrges e Surges
Shape |0.9247 = [09247 =

Seale |01603 —= |01608 =X
Location |0.0328 = 00326 =

™ Use large zurge for large He

Scaling factar I':'-SEDD E +0r - Up to IU.U5DD 3:

Figure 31 Monte Carlo: Input Specifications for Surge

The scaling factor accounts for the partial correlation between waves and surge [see
Section 6]. It is empirically derived by evaluating the Monte Carlo output against a
suitable measured data set that includes measured EWL. The Monte Carlo simulation is
run for the duration of the measured data using a range of scaling factors. The results are
then plotted (as shown in the following figure) to reveal the scaling factor that results in
the most accurate output value of EWL. For the data set illustrated in the following
figure the measured EWL in 20 years was 10.5m; the figure reveals that a scaling factor
in the range 0.92 to 0.95 is appropriate to this data set. Where a range is applicable it
may be prudent to select the most conservative option, hence in this case, 0.95. If
measured EWL is not available for the data set being processed, then the scaling factor
maybe derived for a nearby alternative.
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Figure 32 Monte Carlo: Identification of the Surge ‘Scaling factor’

7.2 MONTE CARLO OUTPUT STATISTICS

For each sea state, statistics are calculated and recorded as follows (assuming that the
user has chosen to include tide and surge):

¢ Maximum crest height in sea state

e Maximum crest+surge in sea state

e Surge associated with the maximum crest+surge in sea state

* Maximum crest+tide in the sea state

» Tide associated with the maximum crest+tide in sea state

¢ Maximum crest+tide+surge in the sea state

e Surge associated with the maximum crest+tide+surge in sea state
* Tide associated with the maximum crest+tide+surge in sea state
¢ Maximum surge in sea state

* Maximum tide in sea state

* Maximum tide+surge in sea state

The statistics are then stored in four 2d frequency distribution tables (Hs and crest, Hs
and tide, Hs and surge, Hs and tide+surge). The statistics can be plotted and exported
upon completion of the simulation.

The simulation is performed over a number of years and is repeated many times to gather
statistics. For example, a 100 year simulation may be repeated 1,000 times. For each
100 year interval, the maximum Hs, crest, crest+tide, crest+surge, crest+tide+surge are
recorded and, after the 1,000 iterations are complete, the statistics for the 100 year
extreme values of these parameters are entered into a probability of exceedence table.
The 100 year values can then be read off at the 37% exceedence level if the historical
interpretation of design value is required — of course other exceedence levels are now
available. Plots of the probability of exceedence and probability of occurrence are also
presented and can be exported upon completion of the simulation.

Further details of the software testing can be found in Section 10 at the end of this report.
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8. RESULTS

Simulations of 100 and 10,000 years were performed for each of the three locations.
Each simulation was repeated 600 times to acquire reliable statistics. The simulation
inputs for the distribution of Hs and surge were found by fitting a Weibull 3-parameter
distribution to the measured Hs and surge data from each location (the data was sub-
sampled to 3 hours so that the number of surge entries matched the number of Hs
entries).

‘Worst case’ scenario simulations were run whereby the Hs and surge were linked such
that the surge that accompanied each Hs had the same probability of exceedence as the
Hs — this is equivalent to combining theyear Hs with then-year surge, for example..

The results from these simulations were compared with existing extreme water level
methods.

8.1 100 YEAR RETURN PERIOD EXTREME WATER LEVELS

The following table summarises the results at the 100 year return period.

Table 4 Comparison of 100 year Extreme Water Levels constituents calculated
using various techniques

100 Year Crest [m] Associated SWL [m]
Method K13 Euro Auk K13 Euro Auk
Krogstad ISO-compliant | 10.71 10.61 16.35 - - -
TVM ISO-compliant 10.73 10.13 19.11 -1.34 -0.62 -5.09
Shell Method 2 10.56 9.35 15.40 1.78 1.83 1.56
Guidance Notes 9.20 8.14 14.47 2.59 3.05 1.94
MC Sim Linked Surge 10.57 9.52 16.21 2.74 2.86 2.82
MC Sim Random Surge | 10.54 9.61 16.15 0.64 0.63 0.15

Notes:

e The Krogstad/Borgman approach does not include SWL.

« The TVM method used here employs storm thresholds as follows:
0 Auk-5m
0 K13-3m
0o Euro-3m

« For TVM, all Hmp values were used in the fit without binning. Work is ongoing
to establish the most applicable technique for using the TVM. In the above
cases, the predicted total water levelessthan the predicted extreme crest,
indicating a negative associated SWL and also indicating that the results from
TVM method using these data sets may not be reliable.

« The ‘Shell method 2’, described in the reference in Footnote 9, scales the 100

year Hs and adds a 1 year surge for Auk and a 3 year surge for Euro and K13.
No tide is added.
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« The method described in footnote 2, commonly referred to within the oil and gas
industry as théGuidance Notes’ method is found by scaling the 50 year Hs and
using SWL values from the guidance notes using nearest standard port data

e The MC simulations used either a random or linked surge from the Weibull
distributions and a tide value equal to the largest tide from each measured data
set.

The 100 year extreme water levels, relative to mean sea level, are as follows:

Table 5 Summary of 100 year Extreme Water Levels found using different

techniques
100 Year Total Water Level [m]

Method K13 Euro Auk

TVM ISO-compliant 9.39 9.51 14.02
Shell Method 2 12.34 11.18 16.96
Guidance Notes 11.79 11.19 16.41
MC Sim Linked Surge 13.31 12.38 19.03
MC Sim Random Surge | 11.18 10.24 16.30

8.2 10,000 YEAR RETURN PERIOD EXTREME WATER LEVELS

The following table summarises the results at the 10,000 year return period.

Table 6 Comparison of 100 year Extreme Water Levels constituents calculated
using various techniques

10,000 Year Crest [m] Associated SWL [m]

Method K13 Euro Auk K13 Euro  Auk
Krogstad ISO-compliant | 13.96 14.38 21.36 - - -

TVM I1SO-compliant 1466 14.24 28.78 -3.31 -2.65 -11.34
Shell Method 2 1421 1258 19.88 1.78 1.83 1.56
Guidance Notes 12.10 10.71 19.03 2.92 3.44 2.19
Shell Method 1 11.48 10.69 17.63 2.00 2.29 2.01
MC Sim Linked Surge 13.92 12.75 21.36 3.50 3.70 4.18
MC Sim Random Surge | 13.88 12.79 21.16 0.52 0.56 0.34
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Notes:
+ See the notes below Table 5.

e The ‘Shell Method 1’, sometimes referred to as the ‘Interim Method’ is only
defined for 10,000 year return periods and involves combining the 1,000 year
steep sea crest with a % tide and a 1 year surge.

* The TVM associated SWL are again negative and, particularly at Auk, do not

look realistic.

The 10,000 year extreme water levels, relative to mean sea level, are as follows:

Table 7 Summary of 10,000 year Extreme Water Levels found using different

techniques
10,000 Year Total Water Level [m]

Method K13 Euro Auk

TVM I1SO-compliant 11.35 11.59 17.44
Shell Method 2 15.99 14.41 21.44
Guidance Notes 15.02 14.15 21.22
Shell Method 1 13.48 12.98 19.64
MC Sim Linked Surge 17.42 16.43 25.67
MC Sim Random Surge | 14.40 13.35 21.50

8.3 COMMENTS ON 100 AND 1,000 YEAR EXTREME WATER LEVELS

The data sets do not appear to provide reliable results when analysed using the TVM
method. Results from ongoing work may reveal procedures to refine the parameters
chosen within the TVM analysis. Leaving the TVM analysis to one side, all remaining
methods are within the bounds of the most and least conservative simulations — apart
from the Shell Method 1 which is significantly less than the other methods. Note that the
tide and surge values for the Guidance Notes method are extracted from contour maps
whose resolution is insufficient to cope with the rapidly changing conditions
approaching the coast.

The extreme water level methods imply some correlation between the wave height and
the surge although this correlation is not a strong as is used in the simulations which
enforce the Hs and surge to occur with the same probability of exceedence.

While the above comparisons are useful in that they compare the extreme water level
methods with theoretical most and least conservative extremes, they do not allow for the
comparison of the methods with the true extreme water level. In an effort to address
this, the following section describes work to establish the ‘true’ extreme water level
using measured data sets.
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8.4 MEASURED EXTREME WATER LEVELS

Note: the method described below to convert a measured data set of Hs, tide and surge
into a data set of crest, tide and surge is not as desirable as having a measured gata set
of crest, tide and surge. However, given that such a data set does not exist, it is

necessary to create the data set manually. This should be remembered when regding the
next section.

The total water level (crest + tide + surge) for each sea state is rarely measured and long
duration data sets of such measurements are not readily available. However, it is
possible to engineer the total water level by using the Hs value for each sea state together
with a short term crest distribution. The following steps were carried out to convert the
measured data at K13, Euro platform and Auk into total water level data sets:
e ForeachHs
0 Calculate Tz based on a steepness of 1:16
o Calculate the number of waves, n, in the sea state
o Randomly selech crests from a Forristall 3D distribution for the sea
state
0 Select the largest crest
0 Add the largest crest to the tide and surge to create the total water level

for each sea state

The data set of total water level can then be compared with the total water level
predicted via the different techniques used in Section 8 to establish which is the most
faithful prediction of the true extreme water level.

Using the longest data, at K13, provides 20 years of total water level ‘measurements’
based on the Forristall 3D crest from each sea state added to the still water level. The
maximum total water level in the 20 year data set is 10.50 m. Extrapolating the total

water level measurements to various return periods results in the following table:

Table 8 Summary of extrapolated total water levels at K13

Return Period [years] Extrapolated Total Water Level
[m, rel MSL]

20 [duration of measured data] | 10.47

100 11.60

10,000 14.65

Table 8 shows that for the duration of the data set, the extrapolated total water level
(found by fitting a Weibull distribution to the total water level records) is very close to
the maximum recorded in the data set. The very small difference arises due to the fact
that the extrapolated values are based lesafitto the data.
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8.5 CALIBRATING THE SIMULATION

To calibrate the Monte Carlo simulations against the measured data, the scaling and
offset factors were varied. However, the sum of the scaling and offset factors was
always maintained at 1.0 to ensure that the possibility of the largest crest occurring
coincident with the largest surge was not excluded. The 20 year extreme water level
from the simulations was then compared with the measured 20 year extreme water level,
10.5 m (relative to MSL). The following figure shows the variation of the 20 year Monte
Carlo simulation extreme water level for various different scaling factors [note that the
offset factor will be equal to 1.0 — scaling factor]. A value of 0.95 was chosen as a
scaling factor — with the offset factor equal to 0.05.

12.5 4

12.0 4

11.5

20 year EWL [m]

11.0 4

10.5 +

10.0

1.000 0.950 0.900 0.850 0.800 0.750 0.700 0.650 0.600 0.550 0.500
Scaling Factor

Figure 33 Variation of 20 year EWL with decreasing scaling factor. The red
dashed line represents the measured 20 year extreme water level at K13.

Simulations of 100 and 10,000 years were performed at the K13 locations (each
simulation was repeated 600 times to acquire reliable statistics). The simulation inputs
for the distribution of Hs and surge were found by independently fitting a Weibull 3-
parameter distribution to the measured Hs and surge data (the data was sub-sampled to 3
hours so that the number of surge and tide entries matched the number of Hs entries).
The tidal harmonics were found by performing a harmonic analysis of the tidal data. The
scale and offset factors were set to 0.95 and 0.05 respectively. A summary of the input
parameters is given in the table below.

Table 9 Summary of Monte Carlo Simulation inputs at K13

Weibull Parameters Shape Scale Location
Hs | 1.3518 1.3266 0.2419
Surge| 0.9247 0.1608 0.0326
Harmonic Coefficients) Harmonic Phase [deg] Amp [m]
M2 208 0.6
S2 266 0.2
N2 190 0.1
K1 342 0.1
01 183 0.1
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8.6 100 AND 10,000 YEAR RETURN PERIOD EXTREME WATER LEVELS

The following table summarises the crest and SWL results at the 100 and 10,000 year
return period.

Table 10 Comparison of 100 and 10,000 year return periods at K13

100year EWL 10,000 year EWL

Method

TVM ISO-compliant 9.39 11.35
Shell Method 2 12.34 15.99
Guidance Notes 11.79 15.02
Shell Method 1 13.48
MC Sim Linked Surge 11.86 15.57
Extrapolation of measured data | 11.60 14.65
ISO 19902 ‘Associated’ 17.17
ISO 19902 ‘Independent’ 14.87

Notes:

* The ISO19902 ‘Independent’ case is defined as
h=v@a’+s*+t% +f
and the 1ISO19902 ‘Associated’ case is defined as
h=v(a+sf+t?)+f
where:
a is the abnormal wave crest height [10,000 year Crest]
s is the extreme storm surge [100 year Surge]
t is the maximum elevation of the tide relative to mean sea level [HAT]

f is the expected sum of subsidence, settlement and sea level rise over the
design service life of the structure [set to zero in this example]

¢ The ISO19902 methods are only defined for the 10,000 year return period

Table 10 shows that for both the 100 and 10,000 year return periods, the extrapolated
measured data is in good agreement with the Monte Carlo simulations although the
Monte Carlo results are slightly higher than the extrapolated measured data results at
both return periods. The TVM method predicts extreme values which are well outside
range of all other techniques which leads to it being considered less applicable. Results
from ongoing work may reveal procedures to refine the parameters chosen within the
TVM analysis and enhance its applicability. At the 100 year return period, the results,
excluding the TVM analysis, are within 75 cm of each other. At the 10,000 year return
period, again excluding the TVM analysis, the results range from the Shell Method 1
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[13.48 m] to the ISO Associated Method [17.17 m], with most falling within one metre
of 15 m. Given the very different approaches to the various techniques, it is remarkable
that so many [Shell, Guidance Notes, MC Sims, Measured data] are in reasonable
agreement, even at this extremely long return period.

The 1SO-19902 methods combine the crest, tide and surge in two ways: one which
ignores any possibility of the extreme crest and abnormal surge occurring together and
the other which stipulates that they must occur together. Thus, it provides a best and
worst case scenario for a given location. It is reassuring to see that, ignoring the Shell
Method 1 and TVM methods, the best and worst case ISO-19902 methods provide an
upper and lower bound into which all of the predicted 10,000 year EWL from all the
various techniques fall. Again this is hoteworthy given that each approach uses unique
methods to estimate the 10,000 year extreme water level.
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9. CONCLUSIONS

This work has examined the individual components of total water level, namely the wave
height, tide and surge. The relationship between the components was explored and
Monte Carlo simulations method proposed to combine the individual components, taking
account of their joint probability. Calibration of the Monte Carlo simulations was used
to ensure that the joint probability was tailored to the location. The predicted total water
level for the 100 and 10,000 year return periods, as found by various methods, were
compared.

The following is a bullet point list of the key observations:

« Monte Carlo simulations can be used to create synthetic time series of total
water level but they must be calibrated for sites with different sea conditions.
They can be used to establish a range of results derived from modeling the
interactions between the total water level components; these results range from
total dependence of surge on wave height to complete independence of the two
parameters.

* Crest is the overwhelming component of Extreme Water Level

e Surges last longer than tides so surge can be large throughout a tidal cycle, but
the peak of the surge tends to occur at times other than high tide

¢ Measured data shows a link between wave and surge — dependent on location

The following is a bullet point list of the further observations:

* Tides remain at their extremes for very little of the time

* Tides moderate surge heights — the way this moderation takes place is dependent
on location

e Largest Hs is NOT found at largest surge or largest tide.

e Largest SWL is NOT made up of largest surge or largest tide

e The n-year Crest is NOT associated with n-year surge

Extreme Water Level and joint probability are interesting and challenging topics for
research. Many factors control the development of an extreme water level and each
plays an important role. The following is a bullet point list of key topics that may be
interesting topics for future work. The list is not exhaustive.

« Tide interaction with other parameterdurther exploration and understanding
of the physical processes that control the tide interaction with other parameters.

* Measured Total Water Level dateew data sets exist which contain measured
crest, tide and surge. It would be worthwhile to locate further data sets which do
have the three total water level components and use them as a direct comparison
with existing EWL techniques and Monte Carlo simulations.

« Mapping a map of contours of 100 year Hs exists for the water around the UK.
It would be interesting to produce a similar map of 100 and 10,000 year extreme
water levels, as calculated by various different techniques, to allow for a quick
comparison of the severity of different sites.

« Shallow water sitesthe range of water depths in the North Sea is large. The
applicability of the usual extreme water level techniques may be limited very
close to the shore where the water is very shallow. It would be interesting to
explore this region in more detail to observe if any changes are brought about by
the water depth or proximity to shore.

e IS0 19902:2007it would be an interesting task to compare the results of both
the Independent and Associated forms of the total water level equation in ISO-
19902 with the existing extreme water levels at all sites across the North Sea.
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10. APPENDIX: SOFTWARE TESTING

10.1 SOFTWARE TESTING

First, simulations were run to ensure that the software was performing correctly. 100
years of data were simulated 1,000 times. A cutoff was employed and any sea states
whose Hs values were below the cutoff were not processed. As the outputs from the
simulation are the extreme values, the cutoff does not affect the resuling as the

cutoff is not too high. For the central North Sea, a cutoff of 7 m was used in the 100 year
simulations. Simulation inputs are detailed in the next section.

10.1.1 Input Data

The simulation was tested against a measured 25 year data set from the central North
sea. The data set was chosen because it provided a source of data which is not otherwise
used in this report — thus it provides ‘external’ verification of the simulation software.
The data set comprises 25 years of measured significant wave height which was fitted
using a 3 parameter Weibull distribution with the following parameters:

Shape: 1.1915
Scale: 1.5727
Location: 0.5741 100 year Hs: 13.14m

The surge and tide distributions are again based on measured data from the central North
Sea and are fitted as follows:

Normal Surge Weibull Surge:

Maximum central value: 0.70 Shape: 1.543

Variance: 0.25 Scale: 0.214
Location -0.034 100 year surge: 1.03 m

Tide:

Harmonic Amplitude [m] Phase [deg]

M2 0.7 218

S2 0.2 357

N2 0.1 34

K1 0.1 197

o1 0.1 287
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10.1.2 Hs

The results below show that the software is correctly predicting the 100 year Hs values
and the distribution of Hs and crest heights is realistic. The simulated 100 year Hs value
is 13.15 m.
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Figure 34 Comparison between simulated and theoretical 100 year Hs values

10.1.3 Surges

The different options for including surges in the simulation were tested and the
distribution of surges associated with the largest crest+surge for each sea state were
plotted. The results are shown in the following figures and confirm that the surge
distributions are being implemented correctly. Note that only statistics for Hs values
above the cutoff are shown in the following plots and that the striped effect on the plots
is simply due to the resolution of the images and is not a feature of the underlying data.

10.1.3.1 Random normal Surges

Figure 35 shows the results of using a surge which is normally distributed around a mean
value which is chosen, at random, for each sea state. The maximum mean value is set at
0.7 m with the variance of the normal distribution set at 0.25.
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Figure 35 Distribution of surges associated with the maximum crest+surge.

100 year simulation repeated 1,000 times. Random normal surge with the mean of the normal distribution
ranging from -0.7 and 0.7 m

10.1.3.2 Linked normal

Figure 35 shows the results of using a surge which is normally distributed around a mean
value for each sea state which is chosen using a probability of exceedence that is linked
to the probability of exceedence of the Hs for the sea state. The maximum mean value is
set at 0.7 m with the variance of the normal distribution set at 0.25.
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Figure 36 Distribution of surges associated with the maximum crest+surge.

100 year simulation repeated 1,000 times. Normal surge with the mean of the normal distribution ranging from
-0.7 and 0.7 m and being selected with a probability of exceedence linked to the probability of exceedence of
Hs for each sea state
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10.1.3.3 Random Weibull

Figure 36 shows the results of using a surge randomly chosen from a Weibull
distribution — parameters given in Section 10.1.1. The surge is the same for every crest
in a sea state and the surge is chosen (at random) for each sea state.
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Figure 37 Distribution of surges associated with the maximum crest+surge

100 year simulation repeated 1,000 times. Surge selected at random from a Weibull distribution

10.1.3.4 Linked weibull

Figure 37 shows the results of using a surge chosen from a Weibull distribution —
parameters given in Section 10.1.1. The surge is the same for every crest in a sea state
and the surge is chosen for each sea state using a probability of exceedence that is linked
to the probability of exceedence of the Hs for the sea state.
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Figure 38 Distribution of surges associated with the maximum crest+surge.

100 year simulation repeated 1,000 times. Surge selected from a Weibull distribution with a probability of
exceedence linked to the probability of exceedence of Hs for each sea state
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10.1.4 Tides

As discussed in Section 7.1.2 the tide is modelled as a combination of harmonic
constituents [up to 62 different harmonics] each having a user-defined phase and
amplitude. The first crest in a sea-state is assigned a random tide and all subsequent
crests in the sea state have their “true” tide, based on the time difference from the first
tide in the sea state. The results of using a tide as described in Section 10.1.1 is shown in
Figure 39. There is no discernable pattern to the tidal levels at for increasing values of
Hs — in fact, as was the case in Table 1, the tidal levels associated with the extreme sea
states are all much lower than the maximum possible tidal level.
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Figure 39 Distribution of tides associated with the maximum crest+tide.

100 year simulation repeated 1,000 times. For details of tidal harmonics see Section 7.1.2

10.1.5 Still water level

The still water level is the sum of the tide and the surge. The tide can be combined with
either a linked or random surge selected from a Normal or Weibull distribution. Each

case is discussed below. In the following section, the “standard tide” refers to a tide
described by the harmonic constituents defined in Section 7.1.2.

10.1.5.1 SWL using random Weibull surge

The still water level (tide + surge) associated with the maximum crest+tide+surge for
each sea state is plotted in Figure 39 using a standard tide and a surge selected at random
from a Weibull distribution (100 year surge = 1.03 m).
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Figure 40 Distribution of SWL associated with the maximum crest+tide+surge.

100 year simulation repeated 1,000 times. Standard tide and random Weibull surge. See text for further details

10.1.5.2 SWL using linked Weibull surge

The still water level (tide + surge) associated with the maximum crest+tide+surge for
each sea state is plotted in Figure 40 using a standard tide and a surge selected from a
Weibull distribution (100 year surge = 1.03 m) with a probability of exceedence linked

to the probability of exceedence of the Hs for each sea state.
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Figure 41 Distribution of SWL associated with the maximum crest+tide+surge.

100 year simulation repeated 1,000 times. Standard tide and linked Weibull surge See text for further details
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10.1.5.3 SWL using random normal surge

The still water level (tide + surge) associated with the maximum crest+tide+surge for
each sea state is plotted in Figure 41 using a standard tide and a random normal surge
distribution (maximum mean value = 0.7 m, variance = 0.25).
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Figure 42 Distribution of SWL associated with the maximum crest+tide+surge.

100 year simulation repeated 1,000 times. Standard tide and random Normal surge See text for further details

10.1.5.4 SWL using linked normal surge

The still water level (tide + surge) associated with the maximum crest+tide+surge for
each sea state is plotted in Figure 42 using a standard tide and a surge chosen from a
normal distribution (maximum mean value = 0.7 m, variance = 0.25) with a probability

of exceedence linked to the probability of exceedence of the Hs for each sea state.
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Figure 43 Distribution of SWL associated with the maximum crest+tide+surge.

100 year simulation repeated 1,000 times. Standard tide and linked Normal surge See text for further details
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10.1.6 Summary

Max crest + “anything” is dominated by the crest — which often occurs in a sea state
OTHER than the one with the largest Hs. The associated “anything” is less than its
largest possible value for the extreme crest + “anything”. Even when the surge is forced
to occur with a similar probability of exceedence as the Hs for a given sea state, the

SWL associated with the extreme crest+tide+surge is much smaller than its largest
possible value.
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