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Predicting the Occurrence and Magnitude of Parametric Rolling 

 
1. PURPOSE OF PROCEDURE 

This procedure provides detailed guidance 
on the numerical methods for predicting the oc-
currence and magnitude of parametric rolling. It 
also highlights the limitations of these methods.  

2. INTRODUCTION 

2.1 Historical Note 

The problem of parametric rolling of ships 
has been recognised for more than half a century 
(e.g. Paulling & Rosenberg, 1959), first experi-
mental observation (Paulling et al. 1972). The 
fundamental dynamics that create this behaviour 
is considered in our days as reasonably clarified. 
Large as well as smaller ships have been inves-
tigated on the basis of theory and experiment, by 
and large for a following seas situation. In this 
state, it is easier to satisfy one of the necessary 
conditions namely that the frequency of encoun-
ter with waves whose length is similar or larger 
than the ship length is comparable to twice the 
roll natural frequency of ship. However, an ac-
cident with a post-Panamax containership in 
predominantly head seas, which led to extreme 
roll angles and accelerations with substantial 
loss and damage to containers stowed on the 
deck, was also attributed to parametric rolling 
(France et al. 2003).  

Model tests and full scale observations have 
shown that parametric rolling can occur not only 
in long-crested (longitudinal) head and follow-
ing seas, but also at slightly oblique heading an-
gles with and without directional wave energy 
spreading.  

2.2 Physical Background 

The physical phenomenon is based on suc-
cessive alterations of the restoring lever between 
crests and troughs, exhibited by many ships in 
steep longitudinal waves. These set up a mecha-
nism of internal (parametric) excitation in roll. 
There is a clear analogy with a simple oscillator 
governed by the so-called Mathieu equation 
with damping (see e.g. Shin et al 2004). Brief 
description of physical background of paramet-
ric rolling is available from paragraph 2.4.1 of 
Annex of SDC 7/INF.2. 

2.3 Other Instruments 

ABS Guide (ABS 2019) is applicable to con-
tainer carriers. It contains criteria to determine 
susceptibility and severity of parametric rolling 
in head and following seas as well as recommen-
dations for numerical simulations with hybrid 
potential-flow code and development of opera-
tional guidance. Theoretical background of the 
Guide is described in (Shin, et al 2004). 

Parametric roll is included as a failure mode 
in current development of the second generation 
IMO intact stability criteria. To improve effi-
ciency, the criteria are presented in the tiered 
form: vulnerability levels 1 and 2 (see section 
1.1.3 of Annex of SDC 7/WP.6) and direct sta-
bility assessment (see Paragraph 3.1.1 of Annex 
SDC 7/WP.6). The level 1 is the simplest and 
the most conservative aiming to exclude obvi-
ously irrelevant cases. The level 2 vulnerability 
is more complex, but less conservative. Direct 
stability assessment is recommended if the level 
2 criteria have indicated vulnerability.  
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2.4 Structure of this Procedure 

Accurate prediction of occurrence and mag-
nitude of parametric roll for a given ship may be 
labour extensive. Sometimes, however, the 
state-of-the-art accuracy is not required, when a 
quick assessment has been requested.  

Following examples of 2nd generation IMO 
intact stability criteria, this procedure is struc-
tured in three levels, reflecting required re-
sources: 
Level 1: Mostly closed form formulae, no pro-

fessional software required. 
Level 2: Professional software for calculation of 

righting arm curve in waves is required; 
additionally, some in-house software de-
velopment. 

Level 3: Use of potential flow / hybrid codes is 
expected. This level represents the state-
of-the-art of assessment of magnitude 
and occurrence of parametric roll. 

3. PREDICTION OF OCCURRENCE 
AND MAGNITUDE OF PARAMETRIC 
ROLLING  

3.1 Mathematical Models for Level 1 Pre-
diction 

The simplest mathematical model of para-
metric roll is based on a single degree-of-free-
dom equation of roll in following or head seas. 
The model must include variation of stability. 
Nonlinearity of roll restoring is essential for as-
sessment of the magnitude of parametric roll. 
Damping may be either linear or nonlinear; 
wave direction is assumed to be exactly head or 
following, so there is no direct wave excitation 
in roll: 

(𝐼𝐼𝑥𝑥 + 𝐴𝐴44)�̈�𝜙 + 𝐵𝐵𝜙𝜙��̇�𝜙� + 𝑊𝑊𝐺𝐺𝐺𝐺����(𝜙𝜙, 𝑡𝑡) = 0 

where,  

φ roll angle 
Ix mass moment of inertia in roll 
A44 added mass in roll  
𝐵𝐵𝜙𝜙 roll damping (function of roll rate) 
W weight 
𝐺𝐺𝐺𝐺���� righting arm (function of roll angle and 

time) 

Parametric rolling typically occurs in vari-
ous combinations of ship speed and wave en-
counter frequency ωe, provided that the resulting 
frequency of encounter is near to (2/n) times the 
natural frequency of roll ωφ=2πfφ, where n is any 
integer. The symbol ω is used for circular fre-
quencies in rad /s, while f is a frequency in Hz. 
The practical relevance of the n=1 scenario 
(“principal resonance”, ωe ≈ 2ωφ) is well estab-
lished for ships. The n=2 scenario (“fundamen-
tal resonance”) is also believed to be of interest 
although with a lower probability of occurrence 
in a seaway, as the frequency range, where par-
ametric resonance can occur, is narrower. 

The build-up of parametric rolling requires a 
threshold wave height in addition to fulfilment 
of the above condition of frequencies. The min-
imum wave height is determined in principle by 
two factors: the degree of fluctuation of roll re-
storing due to wave passage, and the ship’s roll 
damping which is speed dependent. This thresh-
old is higher for fundamental resonance. The 
damping is a key design parameter for the de-
velopment of parametric rolling. None of the 
current state-of-the-art computational programs 
can claim to calculate the roll damping accu-
rately for any given vessel including all roll 
damping devices. The restoring moment varia-
tion may be estimated based on balancing the 
vessel in the undisturbed wave at different roll 
angles and positions in the wave. It is noted, 
however, that effects related to forward speed 
and disturbed waves may influence the roll re-
storing moment. Longitudinal waves having a 
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length of the order of the ship length will typi-
cally lead to the largest fluctuations of the roll 
restoring moment. 

Magnitude of parametric rolling depends on 
nonlinearity of the restoring moment. Change of 
an instantaneous 𝐺𝐺𝐺𝐺����� leads to the change of in-
stantaneous natural frequency, eventually 
breaking the parametric resonance condition. 
That limits parametric excitation and establishes 
magnitude of parametric rolling. 

3.2 Level 1 Prediction of Occurrence of Par-
ametric Roll 

For the prediction of parametric rolling due 
to principal resonance the following simple rule 
may be applied, which is based on consideration 
of the asymptotic stability of the upright state of 
a ship in regular longitudinal waves (Frances-
cutto et al. (2004); Spyrou, (2005)).  

�̈�𝜙 + 2𝛿𝛿�̇�𝜙 +
𝑊𝑊𝐺𝐺𝐺𝐺�����(𝑡𝑡)
𝐼𝐼𝑥𝑥 + 𝐴𝐴44

𝜙𝜙 = 0 

where, δ is a dimensional coefficient of linear 
roll damping 

𝛿𝛿 =
𝑊𝑊𝐺𝐺𝐺𝐺�����(𝑡𝑡)

2(𝐼𝐼𝑥𝑥 + 𝐴𝐴44)
 

If 𝐺𝐺𝐺𝐺�����  varies on the wave between 𝐺𝐺𝐺𝐺�����min 
and 𝐺𝐺𝐺𝐺�����maxfor different positions of the consid-
ered wave along the hull; and the scaled ampli-
tude of variation of metacentric height, defined 
as follows: 

ℎ =
𝐺𝐺𝐺𝐺�����max − 𝐺𝐺𝐺𝐺�����min

2𝐺𝐺𝐺𝐺�����m
 

where 𝐺𝐺𝐺𝐺�����m = (𝐺𝐺𝐺𝐺�����max + 𝐺𝐺𝐺𝐺�����min) 2⁄  is the 
mean metacentric height of the ship for the con-
sidered regular wave (with a wavelength of 
about length of the ship). If h exceeds approxi-
mately 4 times roll damping ratio µ=δ/ωφ; then 
the occurrence of parametric rolling is possible. 

The variation of 𝐺𝐺𝐺𝐺����� can be modelled with a 
cosine or sine function; the equation of roll mo-
tion is expressed as follows:  

�̈�𝜙 + 2𝛿𝛿�̇�𝜙 + 𝜔𝜔𝜙𝜙𝜙𝜙
2 [1 − ℎ ∙ cos (𝜔𝜔𝑒𝑒𝑡𝑡)]𝜙𝜙 = 0 

where  

ωe encounter frequency and 
ε an appropriate phase difference.  

The value of frequency ωφm here could be 
slightly different from the natural frequency in 
calm water, since it is expressed as:  

𝜔𝜔𝜙𝜙𝜙𝜙 = �
𝑊𝑊𝐺𝐺𝐺𝐺�����m
𝐼𝐼𝑥𝑥 + 𝐴𝐴44

 

as the mean metacentric height in wave 𝐺𝐺𝐺𝐺�����m 
may be different from the calm water 𝐺𝐺𝐺𝐺����� 

In the vicinity of exact principal resonance, 
the following expression may be used for the 
threshold level of the scaled 𝐺𝐺𝐺𝐺�����  fluctuation 
(Francescutto et al. (2004); Spyrou, (2005)): 

ℎ = ��2−
𝜔𝜔𝑒𝑒2

2𝜔𝜔𝜙𝜙𝜙𝜙
2 �

2

+ 4 ∙ 𝜇𝜇𝜙𝜙2
𝜔𝜔𝑒𝑒2

𝜔𝜔𝜙𝜙𝜙𝜙
2  

where, damping ratio is µm=δ/ωφm  is expressed 
in terms of frequency ωφm . 

Increase of value h leads to quicker the 
build-up of parametric rolling. 

3.3 Level 1 Prediction of Amplitude of Para-
metric Roll 

If the probability of parametric rolling is 
“controlled” yet not completely eliminated by 
design, it is essential to ensure that the ampli-
tude of parametric rolling oscillation that might 
be generated in an extreme seaway is kept small. 
For a typical ship with nonlinear restoring and 
damping, parametric rolling is usually bounded, 
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reaching a steady-state amplitude that is propor-
tional to the square root of the amplitude of re-
storing fluctuation. In this section, nonlinear for-
mula of restoring moment first, and nonlinear 
formula of damping are shown. 

3.3.1 Closed-form Formulae for Magnitude 
of Parametric Roll 

More specifically, if the amplitude of roll is 
small to moderate, and depending on the de-
tailed shape of the restoring lever, a third-order 
polynomial could reasonably represent the exact 
shape of the initial part of the lever 𝐺𝐺𝐺𝐺�����m𝜙𝜙 ∙
(1 − 𝑐𝑐3𝜙𝜙2). The nonlinear equation of roll in a 
longitudinal sea would be like: 

�̈�𝜙 + 2𝛿𝛿�̇�𝜙 + 𝜔𝜔𝜙𝜙𝜙𝜙
2 𝜙𝜙{[1 − ℎ ∙ cos (𝜔𝜔𝑒𝑒𝑡𝑡)] − 𝑐𝑐3𝜙𝜙2}

= 0 

Then, the following expression could be 
used for predicting the steady roll amplitude A 
in the vicinity of principal resonance (Spyrou, 
(2005)): 

𝐴𝐴2 =
4

3𝑐𝑐3
��1 −

1
𝑎𝑎
� ∓ �ℎ

2

4
−

4𝜇𝜇𝜙𝜙2

𝑎𝑎 � 

In the above 𝑎𝑎 = 4𝜔𝜔𝜙𝜙𝜙𝜙
2 /𝜔𝜔𝑒𝑒2, the ± sign indi-

cates the possibility of multiple, stable/unstable 
parametric roll oscillations coexisting for the 
same frequency ratio. In general, the larger A 
corresponds to the stable solution which is the 
realizable amplitude.  

If the amplitude of parametric roll is moder-
ate to large, a fifth order polynomial is likely to 
be required. In such a case the following expres-
sion of the amplitude could be useful (Spyrou, 
(2005)): 

𝐴𝐴2 = −
3𝑐𝑐3
5𝑐𝑐5

 ∓  

��
3𝑐𝑐3
5𝑐𝑐5

�
2
−

8
5𝑐𝑐5

�−1 +
1
𝑎𝑎
∓ �ℎ

2

4
−

4𝜇𝜇𝜙𝜙2

𝑎𝑎
� 

In the above, c3, c5 are nonlinear stiffness co-
efficients, corresponding respectively to the 
third and fifth order restoring terms, according 
to the following roll equation: 

�̈�𝜙 + 2𝛿𝛿�̇�𝜙 +  𝜔𝜔𝜙𝜙𝜙𝜙
2 𝜙𝜙{[1 − ℎ ∙ cos (𝜔𝜔𝑒𝑒𝑡𝑡)] − 

𝑐𝑐3𝜙𝜙2 − 𝑐𝑐5𝜙𝜙4} = 0 

The given formula for the amplitude of par-
ametric roll can be used if the restoring curve is 
initially hardening (c3<0) and then softening 
(c5>0). It can be deduced that up to 4 coexisting 
stable/unstable solutions become possible for 
some values of the frequency ratio. For 1≥a , 
the solution of the smallest amplitude is stable 
and stability alternates as we move towards the 
coexisting higher roll amplitudes, for the same 
value of the frequency ratio a. For 1<a  the 
principle is the same, however we should start 
with an unstable solution. 

In usual case, roll damping is also nonlin-
ear, and linear and cubic damping coefficients 
are used. By including a cubic damping term  
𝛿𝛿3�̇�𝜙3 the equation of amplitude of roll motion 
with a third-order restoring term is modified.  

�̈�𝜙 + 2𝛿𝛿�̇�𝜙 + 𝛿𝛿3�̇�𝜙3  + 

𝜔𝜔𝜙𝜙𝜙𝜙
2 𝜙𝜙{[1− ℎ ∙ cos (𝜔𝜔𝑒𝑒𝑡𝑡)] − 𝑐𝑐3𝜙𝜙2} = 0 

The steady amplitude should become 

𝐴𝐴2 =
4

3𝑐𝑐3
��1−

1
𝑎𝑎
� ∓ �ℎ

2

4
− �

4𝜇𝜇𝜙𝜙
√𝑎𝑎

+
4𝜇𝜇3𝜙𝜙
𝑎𝑎3 2⁄ �

2
� 

where cubic damping ratio is µ3m=δ3/ωφm. 

The nonlinear damping is much smaller than 
the coefficient of the linear. Quantitative assess-
ment of the various contributions to the ampli-
tude A suggested that the effect of nonlinear 



 

ITTC – Recommended 
Procedures and Guidelines 

7.5 – 02 
07 – 04.3 

Page 7 of 23 

Predicting the Occurrence 
and Magnitude of Parametric Rolling 

Effective Date 
2021 

Revision 
03 

 
damping to the reduction of A is much lower 
than that of the linear (Spyrou, 2005). Paramet-
ric rolling could be characterised as “severe” if 
the steady amplitude is higher than 15 deg. The 
above simple expressions can be used in order 
to check whether this limit is exceeded. The ac-
curacy of these expressions was confirmed 
through comparison with numerical solutions of 
the corresponding roll equations (see Spyrou et 
al. 2008). 

3.3.2 Semi-analytical and Continuation 
Methods for Prediction of Magnitude of 
Parametric Roll 

In case the righting arm curve has more com-
plex form, there may be more stable and unsta-
ble solutions. To all these solutions and formally 
determine their stability status methods of ana-
lytical mechanics, such as the harmonic balance, 
the averaging and the multiple scales method 
can be applied. However, a semi-analytical con-
text is necessary since, usually, closed form ex-
pressions of roll amplitude cannot be deduced. 

The averaging method, for example, approx-
imates a solution with a cosine or sine function 
with frequency of principal parametric reso-
nance, time-dependent amplitude and phase 
shift. The results are usually computed from a 
nonlinear algebraic equation for amplitude. 
While it requires more computational efforts 
compared to closed-form formulae, it has fewer 
limitations in term of the shape of the righting 
arm and models of roll damping. 

The averaging method solution for the case 
of n-power polynomial presentation of the 𝐺𝐺𝐺𝐺���� 
curve and cubic damping is available from 
(Hashimoto et al., 2004) and (Maki et al. 2011). 
Formulae for stability analysis are available 
from (Maki et al. 2011). Sakai et al. (2017) ex-
tends the averaging method for the case of nu-
merical representation of the calm-water 𝐺𝐺𝐺𝐺���� 
curve (i.e. no approximation is necessary). The 

essential results are also available from Annexes 
1 and 2 of SDC 5/6/2. 

In fully numerical context, the continuation 
method, is recommended for the efficient iden-
tification of parametric roll steady states as 
some systems parameters (such as the speed or 
the wave height) are varied. This technique is 
applicable also for multi-degree of freedom 
mathematical models and hence it can be inter-
faced with the more complex mathematical 
models of levels 2 and 3 described in sections 4 
and 5. The continuation method is based on the 
“path-following” technique, where the curve of 
steady-states is traced directly without perform-
ing simulation. Usually a predictor-corrector al-
gorithm is employed. This allows finding the 
unstable solutions through the procedure ap-
plied also for the stable. Moreover, bifurcated 
solutions (e.g. due to a period-doubling phe-
nomenon) can also be traced Example of appli-
cation of continuation method to evaluate the 
magnitude of parametric roll can be found, for 
example, in (Spyrou and Tigkas 2007, Spyrou et 
al. 2008). 

4. PREDICTION OF OCCURRENCE 
AND MAGNITUDE OF PARAMETRIC 
ROLLING  

4.1 Using Time-domain Simulation for Pre-
diction 

While level 1 is focused on “quick” calcula-
tion that can be done without professional soft-
ware, the level 2 prediction of occurrence and 
magnitude is based on simplified (compared to 
potential-flow codes) time-domain simulation 
of ship motions in waves. Time-domain simula-
tion is numerical integration of equation of mo-
tions describing parametric roll. For the level 2 
prediction, time domain simulation is carried 
out for a series of regular waves with given am-
plitude and frequencies. 
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The expected result is a set of response 

curves computed for different wave amplitudes 
and ship speeds. Each response curve shows de-
pendency of magnitude on the wave frequency. 
Wave heading for level 2 is limited to following 
and head seas. The calculations are usually re-
peated for several loading conditions. 

Two types of mathematical models can be 
used for the level 2 prediction. One uses pre-cal-
culated stability-in-waves (see section 4.2). An-
other one computes Froude-Krylov and hydro-
static forces and moments using pressure inte-
gration over the submerged part of the hull or 
evaluates an instantaneous submerged volume 
and it geometric centre, see sections 4.3 and 4.4. 

Level 2 prediction requires ship hull geome-
try to be available. The ship geometry is used to 
compute stability curves in waves with special-
ized software or used directly for computation 
of Froude-Krylov and hydrostatic forces and 
moment. The geometry may be limited by wa-
ter-tight volumes or include weather-tight vol-
umes as well. The justification for including 
weather-tight volume is that the large roll angle 
during parametric roll does not last long enough 
for water to penetrate into the weather-tight vol-
ume.  

Inclusion or non-inclusion of weather-tight 
volume is a matter of convenience in the most 
practical cases. The difference can only be seen 
when a deck enters water, so the parametric roll 
can already be characterized as “severe”. This 
difference, however, may have practical signifi-
cance for low freeboard ships, where inclusion 
of weather-tight volume may be a matter of re-
alistic modelling.  Thus, prediction of occur-
rence and magnitude of parametric roll for low 
freeboard ships requires caution.  

When the parametric roll is severe and only 
water-tight volume is included (usually), the 
simulation may indicate capsizing by showing 

transition to another stable equilibrium (180 de-
grees) or exceedance of a large angle (90 de-
grees). While these cases do not necessarily 
mean that capsizing will occur, they should be 
taken as an indication of extremely severe para-
metric roll. 

Presence of parametric roll is usually indi-
cated by stabilization of a single-amplitude so-
lution after some transition period. Magnitude 
of parametric roll is found as average of last 8 
zero-crossing maxima and minima in the time 
history. 

If roll amplitude is not stabilizing, but con-
tinues to grow, the wave frequency is close to 
the boundary of the range of occurrence of par-
ametric roll. To adjudicate such a case, first the 
length of the time history can be increased 
twice; if the roll motions still do not stabilize, 
then the wave frequency should be increased or 
decreased, until the definite results is obtained.  

To shorten the transition period, it is recom-
mended to set initial roll value to 5 degrees. All 
other initial condition may remain at 0. Length 
of the time history should be not less than 30 
natural roll periods.  

Absence of parametric roll is established by 
observing decaying roll oscillations. 

Frequency range to search for parametric 
usually covers from 1.75ωφ to 2.25 ωφ, but 
should be extended if disappearance of paramet-
ric roll was not observed with both boundaries 
of the range. 

4.2 Single DoF Mathematical Models for 
Level 2 Prediction  

Singe DoF mathematical model for predic-
tion of parametric roll uses pre-calculated stabil-
ity curves in regular waves for a given amplitude 
aw and frequency of the wave ωw being a func-
tion of roll angle and position of the midship 
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section relative to the wave crest x, index “w” 
identifies wave parameters or a value dependent 
of wave parameters: 

𝐺𝐺𝐺𝐺����𝑊𝑊(𝜙𝜙, 𝑥𝑥) = 𝐺𝐺𝐺𝐺����𝑊𝑊(𝜙𝜙, 𝑥𝑥;𝑎𝑎𝑤𝑤,  𝜔𝜔𝑤𝑤) 

The stability curve in waves is computed 
with appropriate specialized software with full 
balancing in heave and pitch on a curved water 
surface. That means that for each heel angle and 
position on the wave, the ship is sunk and 
trimmed to achieve equilibrium in heave and 
pitch. The result is usually presented in a form 
of a table by heel angles and wave crest position, 
for a given wave, while the instantaneous value 
is computed with linear interpolation. 

Mathematical model for parametric roll is 
described by the ordinary differential equation, 
(similar to the one, introduced in subsection 
3.1): 

(𝐼𝐼𝑥𝑥 + 𝐴𝐴44)�̈�𝜙 + 𝐵𝐵𝜙𝜙��̇�𝜙� + 𝑊𝑊𝐺𝐺𝐺𝐺����𝑊𝑊(𝜙𝜙, 𝑥𝑥) = 0 

Where roll damping moment is expressed as: 

𝐵𝐵𝜙𝜙��̇�𝜙� = 𝐵𝐵𝜙𝜙1�̇�𝜙 + 𝐵𝐵𝜙𝜙2�̇�𝜙|�̇�𝜙| + 𝐵𝐵𝜙𝜙3�̇�𝜙3 

The meaning and methods of computation of 
these coefficients are discussed in the procedure 
7.5-02-07-04.5 “Numerical Estimation of Roll 
Damping”. Instantaneous position of the ship 
relative to the wave crest is computed as: 

𝑥𝑥 = (𝑐𝑐𝑤𝑤 − 𝑣𝑣𝑠𝑠)𝑡𝑡 

Where cw is the wave celerity, vs is ship 
speed and t is time 

For the prediction of parametric roll in fol-
lowing seas, the performance of a single-degree-
of-freedom mathematical model is expected to 
be reasonable; as pitch and heave are not very 
large in following seas. Hashimoto et al.(2004) 
reported some overestimation of parametric roll 
magnitude if the calculations are based on the 
Froude-Krylov assumption only. 

4.3 Three DOF Mathematical Models for 
Level 2 Prediction 

For the prediction of parametric roll in head 
seas, heave and pitch motions should be consid-
ered because they are coupled with the roll mo-
tion and cross-coupling radiation forces are in-
duced when the roll angle is not zero. Use of a 
coupled model of roll, heave and pitch is recom-
mended for dynamic analysis of parametric roll 
in head seas, particularly when ship speed is not 
zero.  

Pre-calculation of the stability curve in 
waves for 3 DoF, while possible in not practical, 
as it requires handling a volume of data that is 
too large. Instead, restoring and excitation in 
wave can be computed by integration of hydro-
static and wave pressures over the instantaneous 
submerged part of the hull. 

Computational procedure for pressure inte-
gration is mature and well tested. Weems et al. 
(2018) describes a fast algorithm for computa-
tion of Froude-Krylov and hydrostatic forces by 
computing an instantaneous volume and its ge-
ometric centre as an equivalent to pressure inte-
gration. 

The coupled equations of motion are ex-
pressed as: 

�
(𝑚𝑚 + 𝐴𝐴33)𝜁𝜁̈ + 𝐵𝐵33𝜁𝜁̇ + 𝐹𝐹𝑧𝑧𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝜁𝜁,𝜙𝜙,𝜃𝜃, 𝑡𝑡) = 0

(𝐼𝐼𝑥𝑥 + 𝐴𝐴44)�̈�𝜙 + 𝐵𝐵𝜙𝜙��̇�𝜙� + 𝐺𝐺𝑥𝑥
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝜁𝜁,𝜙𝜙,𝜃𝜃, 𝑡𝑡) = 0

�𝐼𝐼𝑦𝑦 + 𝐴𝐴55��̈�𝜃 + 𝐵𝐵55�̇�𝜃 + 𝐺𝐺𝑦𝑦
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝜁𝜁,𝜙𝜙, 𝜃𝜃, 𝑡𝑡) = 0

 

Where ζ is heave displacement, θ is pitch an-
gle, m is mass of the ship, Iy is moment of inertia 
in pitch, A33 and A55 are added masses in heave 
and pitch motion respectively, B33 and B55 are 
damping coefficients in heave and pitch respec-
tively.  

This formulation, in principle, allows con-
sideration of any heading to waves as well as 
consideration of the irregular waves. However, 
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consideration of these more complex problems 
calls for application of potential flow /hybrid 
codes addressed in section 5. 

4.4 Six DOF Mathematical Models for Level 
2 Prediction 

The model described in the subsection 4.3 
has been further extended to 6 degrees of free-
dom using manoeuvring coefficients (Weems et 
al 2018). The model allows consideration of the 
influence of surging on parametric roll that may 
be important (Spyrou, 2000). 

5. PREDICTION OF OCCURRENCE 
AND MAGNITUDE OF PARAMETRIC 
ROLLING  

5.1 Application of Hybrid / Potential Flow 
Hydrodynamic Codes for Prediction in 
Regular Waves 

Several numerical models for parametric 
rolling were developed and some of them were 
validated with their model experiments in head 
and following waves (Reed, 2019). These mod-
els are mostly based on coupled heave-pitch-roll 
models using simultaneous nonlinear differen-
tial equations and the hydrodynamic coeffi-
cients used in the equations are calculated with 
potential theories and empirical viscous force 
estimation. Nowadays CFD (Computational 
Fluid Dynamics) calculation could be an alter-
native in the estimation of roll damping coeffi-
cients (e.g. Report of the Stability in Wave 
Committee, 2014). Time variation of hydrody-
namic coefficients of radiation and diffraction 
forces is recommended to include because they 
change significantly when large amplitude par-
ametric roll happens. The nonlinear radiation 
and diffraction forces, as well as the nonlinear 
Froude-Krylov force, are important elements for 
the prediction of parametric roll in head seas. 

Prediction of parametric roll in head and fol-
lowing seas can be successfully performed by 
potential-flow codes, providing reasonable 
comparison with the model test (France et al., 
2003). The comparison can be improved by 
avoiding duplication in roll damping as de-
scribed in subsection 5.1.2. 

For the prediction of parametric roll in 
oblique seas, above-mentioned heave-pitch-roll 
coupling motion models may not be sufficient, 
because manoeuvring motion including rudder 
actions are unavoidable in this situation. Lin et 
al. (2006) demonstrated how duplication can be 
avoided for manoeuvring forces (subsection 
5.3.1). 

Umeda et al. (2015) attempted to validate a 
5 degrees-of-freedom (sway-heave-pitch-roll-
yaw) numerical simulation, taking low-speed 
manoeuvring model, in oblique seas by compar-
ing with measured results conducted in a sea-
keeping and manoeuvring model basin. The nu-
merical model, including the nonlinear Froude-
Krylov force, radiation and diffraction forces 
calculated as a function of roll angle and 
manoeuvring forces, can predict experimental 
results qualitatively. Further improvement is ex-
pected for quantitative prediction of parametric 
roll in quartering seas.  

5.1.1 Requirements for the Hydrodynamic 
Code 

The level-3 computational tool typically in-
cludes: 

• Body-nonlinear formulation (i.e. computed 
on instantaneous submerged part) for 
Froude-Krylov and hydrostatic forces; 

• Body-nonlinear or body linear (i.e. com-
puted over averaged waterplane) potential 
flow formulation for diffraction and radia-
tion forces 
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• Polynomial models for viscous-related 

forces for, propulsors, appendages, manoeu-
vring and roll damping. Coefficients in these 
polynomials are estimated by empirical for-
mulae, model test of CFD calculations. 

• 3 DOF to 6 DOF dynamic solvers. For 6 
DOF, directional control should be modelled 
or simulation of elastic strings (to keep di-
rection) should be available 

5.1.2 Avoiding Duplication in Roll Damping 

Roll damping includes viscous and wave 
components. Polynomial models of roll damp-
ing based on empirical formulae, model test or 
free-surface CFD calculation include all compo-
nents of roll damping. Radiation forces com-
puted with potential flow calculation also in-
clude wave forces. Using polynomial models of 
roll damping together with potential flow calcu-
lation lead to duplication of the wave forces. 

To avoid duplication, roll damping polyno-
mial coefficients should be calibrated to match 
roll decay test carried out by the advanced code. 
Following the procedure 7.5-02-07-04.5, cubic 
or quadratic polynomial is fitted to the decay 
curve obtained form numerical simulation of 
roll decay:   

∆𝜑𝜑 = 𝑎𝑎𝜙𝜙𝜙𝜙 + 𝑏𝑏𝜙𝜙𝜙𝜙2 + 𝑐𝑐𝜙𝜙𝜙𝜙3  

where ∆𝜙𝜙 = 𝜙𝜙𝑛𝑛−1 − 𝜙𝜙𝑛𝑛 , 𝜙𝜙𝜙𝜙 = 0.5(𝜙𝜙𝑛𝑛−1 +
𝜙𝜙𝑛𝑛), 𝜙𝜙𝑛𝑛  is an absolute n-th extreme value roll 
decay time history, while a, b and c are decay 
coefficients. The fitting can be presented as vec-
tor valued function: 

�
𝑎𝑎
𝑏𝑏
𝑐𝑐
� = �⃗�𝐹({𝜙𝜙𝑛𝑛});   𝑛𝑛 = 1, … ,𝑁𝑁 

where N is a number of extreme values in the 
roll decay time history. Given a0,b0, c0 are the 
described values of the decay coefficients, cor-
responding to the results roll decay test of a nu-
merical method described in the procedure 7.5-

02-07-04.5, the calibrated roll decay coeffi-
cients is computed from the following algebraic 
equation, using any appropriate numerical 
method 

�
𝑎𝑎0
𝑏𝑏0
𝑐𝑐0
� − �⃗�𝐹�{𝜙𝜙𝑛𝑛}𝑗𝑗� = 0 

where j is j-th iteration of the chosen numerical 
method leading to acceptable tolerance of the 
solution. Finally the calibrated roll decay coef-
ficients ac, bc, cc are expressed as: 

�
𝑎𝑎𝑐𝑐
𝑏𝑏𝑐𝑐
𝑐𝑐𝑐𝑐
� = �⃗�𝐹({𝜙𝜙𝑛𝑛}) 

5.1.3 Avoiding Duplication in Manoeuvring 
Forces 

“Manoeuvring” force of a viscous nature 
may also include a wave component if measured 
from a model test in calm water or computed 
with free-surface CFD. Coefficient of “manoeu-
vring” forces in this case should be calibrated in 
a manner, similar to described in subsection 
5.1.2, see Lin et al (2006). 

5.1.4 Choice of Conditions and Presentation 
of the Results 

Choice of conditions and form of presenta-
tion of the results of numerical prediction of 
magnitude and occurrence of parametric roll on 
regular waves are analogous between level 2 
and level 3.  Section 4.1 is fully applicable for 
the level 3 assessment. 
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5.2 Application of Hybrid / Potential Flow 

Hydrodynamic Codes for Prediction in 
Irregular Waves 

5.2.1 Specific Properties of Parametric Roll 
in Irregular Waves  

The variation of 𝐺𝐺𝐺𝐺����� that is theoretically tol-
erable for a regular wave environment, in the 
sense that it does not give rise to parametric roll-
ing, should be distinguished from the 𝐺𝐺𝐺𝐺����� varia-
tion that could be practically permissible in a re-
alistic seaway. The limited (rather than infinite) 
run length of critical wave groups and the possi-
bly low probability to be encountered by a ship, 
mean that if the standard approach based on the 
deterministic criterion of asymptotic stability is 
applied, the ensuing design requirements may 
become unnecessarily stringent.  

The narrower the sea spectrum, the more 
prominent becomes the wave groupness, and the 
higher the probability of exceeding the thresh-
old. In a following sea, the 𝐺𝐺𝐺𝐺����� fluctuation could 
show, for an observer moving with the ship, a 
very narrow spectrum, even if the sea spectrum 
is quite wide (e.g. Bretschneider spectrum). This 
can result in a concentration of wave energy 
within a very narrow range of encounter fre-
quencies, for certain heading angles in follow-
ing/ quartering seas. Subsequently, a ship could 
experience a dangerous, regular-like parametric 
excitation if the frequency condition associated 
with parametric roll is approximately satisfied 
and if the associated waves are of critical height 
and length. On the other hand, in a head sea, the 
𝐺𝐺𝐺𝐺�����  fluctuation could show a wide spectrum 
even in moderately narrow spectra (e.g. JON-
SWAP). Model tests have shown that paramet-
ric rolling can be excited even in head seas very 
quickly during the passage of a wave group with 
critical characteristics. 

Questions have been raised recently about 
the assumption of practical ergodicity of para-
metric roll during model testing in a wave basin 
and for numerical simulations of finite duration. 
This could create some uncertainty for current 
experimental or numerical assessment methods 
if these are based on finite temporal averages of 
roll motion. Reed (2019) recommends using at 
least 20 half-hour records for reliable estimation 

5.2.2 Choice of Conditions  

Magnitude of parametric roll is evaluated for 
a particular sea condition characterized by a spe-
cific spectral density and its parameters. In the 
case of two-parameter spectrum, its significant 
wave height and mean zero-crossing period or 
modal period. 

Irregular waves are assumed long crested for 
the sake of conservatism 

Operation parameters include speed and 
wave heading. For complete analysis of para-
metric magnitude at a particular sea state, speed 
increment of 5 knots and wave heading incre-
ment of 15 degrees are recommended. 

5.2.3 Processing and Presentation of the Re-
sults 

Magnitude of parametric roll in irregular 
waves is a random variable. Its value is judged 
by a statistical estimate as it is done in any other 
case of ship motions in irregular waves. An es-
timate of single significant amplitude (SSA) is 
conventionally used for this purpose. Procedure 
7.5-02-01-08 “Single Significant Amplitude and 
Confidence Intervals for Stochastic Process:  
contains detail description of estimation of SSA. 

Application of this procedure to parametric 
roll data carries the following specific features: 
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• Parametric roll is not a normal stochastic 

process (Belenky et al. 2011, Hashimoto et 
al. 2011, Mohamad and Sapsis, 2016) and 
the SSA should be estimated through direct 
counting as described by formula (10) in 
Procedure 7.5-02-01-08, i.e. as an average of 
1/3 largest peaks. 

• Parametric roll is usually characterized by 
relatively long time duration for reaching in-
dependence. 

A problem of capsizing observation should 
be address separately: 

• Capsizing may be observed as an exceed-
ance of a maximum angle specific to a hy-
drodynamic code (say 90 degrees) or as a 
transition to roll motion at an “upside-down” 
stable equilibrium in roll 

• If hull geometry includes only water-tight 
volumes, observed capsizing is a result of 
non-inclusion of the weather-tight volumes 
that, in fact, affects Froude-Krylov and hy-
drostatic forces. 

• Application of procedure 7.5-02-01-08 to 
dataset containing capsizing is possible, but 
may lead to slightly lower values of SSA. 

• Including of weather-tight volume into hull 
geometry model is recommended if severe 
parametric roll may be expected. 

• Observation of capsizing when hull geome-
try includes water-tight volumes only is an 
indication of severe roll response. A capsiz-
ing, observed with the weather-tight volume 
included, has to be taken as an indication of 
actual problem with dynamic stability.  

6. LIST OF SYMBOLS 
A Magnitude of parametric roll, rad  
aw Amplitude of wave, m 
A33 Added mass in heave, kg 
A44 Added mass in roll, kg m2 

A55 Added mass in pitch, kg m2 
B33 Damping coefficient of heave, kg /s 

B55 Damping coefficient of pitch, kg m2/s 
𝐵𝐵𝜙𝜙 Roll damping (function of roll rate) Nm 
c3,5 Polynomial coefficients of approxima-

tion of calm-water 𝐺𝐺𝐺𝐺���� curve, m 
cW Wave celerity, m/s 
𝐹𝐹𝑧𝑧𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 Froude-Krylov and hydrostatic force in 

heave, N 
m Mass displacement of a ship, kg 
𝐺𝐺𝑥𝑥
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 Froude-Krylov and hydrostatic moment 

in roll, Nm 
𝐺𝐺𝑦𝑦
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 Froude-Krylov and hydrostatic moment 

in pitch, Nm 
𝐺𝐺𝐺𝐺�����max Maximum 𝐺𝐺𝐺𝐺����� during the wave pass 
𝐺𝐺𝐺𝐺�����min Minimum 𝐺𝐺𝐺𝐺����� during the wave pass 
𝐺𝐺𝐺𝐺�����m Mean 𝐺𝐺𝐺𝐺����� during the wave pass 
𝐺𝐺𝐺𝐺�����m Mean 𝐺𝐺𝐺𝐺����� during the wave pass 
𝐺𝐺𝐺𝐺����𝑊𝑊 Stability arm during the wave pass 
Ix Mass moment of inertia in roll, kg m2 

Iy Mass moment of inertia in pitch, kg m2 
h Magnitude of parametric excitation, s-2 
vs Ship forward speed, m/s 
W Weight displacement, N 
x Position along the hull of a ship, m  
δ Dimensional coefficient of linear roll 

damping, s-1 
δ3 Dimensional coefficient of cubic roll 

damping term, s 
ζ  Heave displacement, m 
θ Pitch angle, deg 
µ Roll damping as fraction of critical, ex-

pressed in term of roll natural frequency 
ωφ 

µm Roll damping as fraction of critical, ex-
pressed in term of roll frequency ωφm 

φ Roll angle, deg or rad 
ωe Wave encounter frequency, s-1 

ωw True wave frequency, s-1 
ωφ Natural frequency of roll, s-1 
ωφm Frequency of free roll in calm water with 

metacentric height 𝐺𝐺𝐺𝐺�����m s-1 
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 CALCULATION EXAMPLE 

A.1. Input Data 

The example in this appendix is preformed 
for C11-class containership. Principle dimen-
sions and loading conditions data are placed in 
Table A1. All calculations for parametric roll 
are carried out for zero forward speed. 

Superstructure and containers are considered 
to be weather-tight volumes and are modelled as 
shown in Figure A1. Calm-water 𝐺𝐺𝐺𝐺���� curves are 
shown in Figure A2 with and without super-
structure and containers included. 

Table A1 Principle Input Data 

Length BP, m 262 
Beam, m 40 

Levels 1, 2 and 3 (Regular waves) 
Mean draft, m 12.7 
Trim, deg 0 
KG, m 19 
GM, m 1.29 
Natural frequency of roll ω, 1/s 0.199 

Level 3 (Irregular waves) 
Mean draft, m 11.5 
Trim, deg 0 
KG, m 18.95 
GM, m 1.4 

 

Figure A1 Superstructure and containers as a 
weather-tight volume 
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Figure A2 Calm-water righting curves 

7.1 Results of Level 1 Prediction 

For the level 1 prediction of occurrence of 
parametric roll values of 𝐺𝐺𝐺𝐺�����  in waves were 
computed for the range of wave frequencies 
from 0.3 rad/s to 0.5 rad/s (wave lengths from 
246.5 m to 684.7 m) and wave height of 2 m. 
The values of 𝐺𝐺𝐺𝐺����� in waves are shown as func-
tions of wave crest position for all the wave fre-
quencies/lengths in Figure A3. Following rec-
ommendations in paragraph 2.3.2.1 of Annex 3 
of SDC6/WP.6, ship was balanced in buoyancy 
and trim at each position of wave crest.  

 

Figure A3 𝐺𝐺𝐺𝐺����� values in waves: wave height 2 m 
wave circular frequencies from 0.3 s-1 to 0.5 s-1 

Occurrence of the parametric roll is analysed 
as described in subsection 3.2. As zero forward 
speed is considered the encounter frequency 
equals the wave frequency. The results are 
shown in Figure A4. Occurrence of the paramet-
ric roll is expected in the between the wave fre-
quencies 0.37 rad/s and 0.44 rad/s, where the 
amplitude of parametric excitation h is below 

the threshold defined by the formula in the sub-
section 3.2. 

 

Figure A4 Occurrence of the parametric roll. Roll 
damping in term of critical µm=0.04, wave height 2 

m 

To assess magnitude of parametric roll, 
calm-water 𝐺𝐺𝐺𝐺���� has to be approximated by cubic 
or 5th-order polynomial. The calculations are 
done with “water-tight” 𝐺𝐺𝐺𝐺����  as it is ususally 
readily available (expected use of the level 1 as-
sessment is express analysis that can be per-
formed without specialized software.) Polyno-
mials were fitted with method of least squares. 
The number of heel angles is limited to approx-
imately match position of the maximum of ac-
tual 𝐺𝐺𝐺𝐺���� curve. Results of the fitting are shown 
in Figure A5. 

 

Figure A5 Fitting calm-water 𝐺𝐺𝐺𝐺���� curves. Cubic fit 
is done up to 70 degrees, 5th order fit – up to 80 de-

grees 

Magnitudes of parametric roll (in a form of 
response curves) are shown in Figure A6 for lin-
ear roll damping and in Figure A7 for linear-
plus-cubic roll damping. 
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Figure A6 Magnitude of parametric roll, wave 
height 2 m, roll damping µm =0.04 

 

Figure A7 Magnitude of parametric roll, wave 
height 2 m, roll damping: linear  µm=0.04, linear-

plus-cubic µm=0.018 µ3m =0.6 

A.2. Results of Level 2 Prediction 

Prediction of parametric roll magnitude with 
numerical solution of single degree-of-freedom 
roll equation is described in subsection 4.2. It re-
quires  𝐺𝐺𝐺𝐺���� curves in waves computed for the en-
tire range of wave lengths included in the anal-
ysis. These calculations were done for 40 circu-
lar wave frequencies ranging for 0.3 to 0.5. 
Firstly, containers and superstructure were not 
included, i.e. calculations were done for water-
tight volume. An example of 𝐺𝐺𝐺𝐺����  curves in 
waves is shown in Figure A8, while time history 
of roll motions is placed in Figure A9.  

 

Figure A8 𝐺𝐺𝐺𝐺���� curves in waves for water-tight vol-
ume, wave height 2 m, wave length 262 m, circular 

wave frequency 0.485 s-1 

 

Figure A9 Time history of roll, initial angle 5 de-
grees, wave height 2 m, wave length 385.1 m, cir-

cular wave frequency 0.4 s-1 

Inclusion of the superstructure and contain-
ers (i.e. consideration of the weather-tight vol-
ume) leads to the significant change of the 𝐺𝐺𝐺𝐺���� 
curves in waves, see an example in Figure A10.  

Figure A11 shows response curves for mag-
nitude of parametric roll computed for water-
tight and weather-tight volumes. The difference 
between the curves can be attributed to harden-
ing nonlinearity caused by inclusion of the su-
perstructure and containers while computing 𝐺𝐺𝐺𝐺���� 
curves in waves. 
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Figure A10 𝐺𝐺𝐺𝐺���� curves in waves for weather-tight 
volume, wave height 2 m, wave length 262 m, cir-

cular wave frequency 0.485 s-1 

 

Figure A11 Magnitude of parametric roll by numer-
ical integration of single DOF roll equation, wave 

height 2 m, roll damping µm =0.04 

As mentioned in subsection 4.1, another as-
pect of using water-tight volume is indication of 
capsizing, as the stable steady state cannot be es-
tablished for given initial conditions or does ex-
ist for given nonlinearity and parametric excita-
tion. Example of capsizing time history is shown 
in Figure A12, while the corresponding re-
sponse curves for magnitude of parametric roll 
are shown in Figure A13.  

 

Figure A12 Time history of roll, initial angle 5 de-
grees, wave height 4 m, wave length 366.6 m, cir-

cular wave frequency 0.41 rad/s 

 

Figure A13 Magnitude of parametric roll by numer-
ical integration of single DOF roll equation, wave 

height 4 m, roll damping µm =0.04 

As recommended in subsection 4.3, 3-DOF 
calculations of parametric roll were carried out 
using volume-based algorithm that is equivalent 
to wave and hydrostatic pressure calculation on 
an instantaneous submerged portion of hull. The 
algorithm is described in (Weems et al 2018).  

Calculations were carried out for both water-
tight (Figure A14) and weather-tight volumes 
(Figure A15). Comparing to 1 DOF calculation, 
one can observe increase both range of occur-
rence and magnitude of parametric roll.  
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Figure A14 Magnitude of parametric roll. Water-
tight volume only, wave height 2 m, roll damping 

µm =0.04 

 

Figure A15 Magnitude of parametric roll. Weather-
tight volume, wave height 2 m, roll damping µm 

=0.04 

7.2 Results of Level 3 Prediction 

Large Amplitude Motion Program (LAMP) 
has been used for the level-3 prediction of mag-
nitude and occurrence of parametric roll. Calcu-
lations were done with 3 DOF: heave-roll-pitch. 
LAMP is a 3D hybrid potential-flow code. 
Froude-Krylov and hydrostatic forces are com-
puted by pressure integration over the instanta-
neous portion of submerged hull. The LAMP-2 
potential-flow solver was used. The diffraction 
and radiation forces are evaluated over a mean 
waterline for a constant forward speed. To asses 
viscous and lifting forces, including appendages 

forces coefficient-based computational models 
are used. More information on previous applica-
tion of LAMP for parametric roll assessment are 
available in (France, et al 2003), (Shin, et al 
2004) and others. 

Geometry of a hull is modelled with 3D pan-
els. Figures A16 and A17 show different views 
of the hull configuration. Different colours cor-
respond to different surfaces where different in-
terpolation settings can be used. Only water-
tight volume is modelled. 

 

Figure A16 Panel model of a hull: bow view 

 

Figure A17 Panel model of a hull: stern view 

As it is noted in subsection 5.1.2, wave com-
ponents of roll damping are computed by the po-
tential-flow solver as a part of radiation forces. 
Thus inclusion of coefficients evaluated from 
roll decay test of CFD simulation. The subsec-
tion 5.1.2 recommends adjusting roll damping 
coefficient until the code reproduces the given 
roll decay data “as tested”. Roll decay test data 
(France, et al 2003), are used – they are shown 
as points in Figure A18. 
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The algorithm described in the subsection 

5.1.2 was followed in this example. Note that 
LAMP only uses linear plus quadratic model of 
roll damping. These coefficients are estimated 
from Figure A18 as an intersect (linear damping 
coefficient) and slope (quadratic damping coef-
ficient) of a line fitted to the points obtained 
from “simulated” roll decay test that are shown 
as solid lines in Figure A18. Finally calibrated 
roll decay coefficient are computed from the ap-
propriate equation in the subsection 5.1.2. 

 

Figure A18 Roll decay test for three speeds (points 
– taken from France et al 2003) and computed with 

LAMP (solid lines) 

A response curve, computed for zero for-
ward speed is shown in Figure A19. Roll damp-
ing coefficients, estimated for the speed of 5 
knots were used for the zero forward speed case.  

 

Figure A19 Magnitude of parametric roll computed 
with LAMP-2, zero forward speed, wave height 

2 m.  

Comparing the response curve in Figure A19 
with the corresponding curves from A6, A7 and 
A14, a shift of parametric roll occurrence range 
is observed. It can be explained by the added 
mass. LAMP-2 computes added mass, while the 
approximate formula, single DOF and volume-
based calculation used usual assumption of the 
added mass in roll to be 0.25 of the moment of 
inertia in roll. The shift can be explained by the 
difference in natural frequency of roll, resulting 
from the difference in the added mass.  

The value of magnitude of parametric roll, 
calculated by LAMP is less compare to level 1 
and level 2 calculations, but still remains “se-
vere”. Thus the assessment of magnitude of par-
ametric roll is consistent through all three levels. 

Magnitude of parametric roll in irregular 
wave is a random number. As recommended in 
section 5.2.3, an estimate SSA is used to assess 
the magnitude of parametric roll in irregular 
wave. Since parametric roll is not a normal sto-
chastic process, direct counting is used to esti-
mate SSA as recommended in the Procedure 
7.5-02-01-08. 

 

Figure A20 Two sample records of parametric roll 
simulated for significant wave height 3.5, mean 
zero-crossing period 14s, heading 1 degree, zero 

forward speed 

As stated in the subsection 5.2.1, assumption 
of ergodicity is not applicable for parametric 
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roll; SSA is estimated on an ensemble of rec-
ords. Following recommendations in the subsec-
tion 5.2.1, 20 half-hour long records were gen-
erated for estimation of SSA. Figure A20 shows 
2 of these 20 records. 

To estimate the SSA by direct counting, one 
needs to find an average of 1/3 largest peaks roll 
motions. Following recommendations in the 
subsection 3.2.2 of the Procedure 7.5-02-01-08 
absolute values of mean-crossing peaks are 
found. Figure A21 shows the mean-crossing 
peaks with circles.  

To find 1/3rd quantile, the peaks are sorted 
(highest to lowest) and the value that encom-
passes the highest 1/3rd peaks is found. The 
largest 1/3rd peaks are shown in Figure A20 
with squares. The SSA is a mean value estimate 
of the 1/3rd largest peaks over all 20 records (10 
hours of simulation time) equals to 22.5 degrees. 

 

Figure A21 Peaks (circles), 1/3rd largest peaks 
(squares) shown for a part of the record 1 in Fig. 

A20. 

The subsection 3.2.3 of the Procedure 7.5-
02-01-08 contains guidance for assessment of 
confidence interval of SSA to evaluate statistical 
uncertainty of the estimate. To address depend-
ence within the simulated motion, a time dura-
tion for reaching independence is required. This 
time is found with an ensemble averaged auto-
correlation function of roll motions.  

An envelope is fitted to the estimate of the 
autocorrelation function; see Figure 5 of the 
Procedure 7.5-02-01-08 and Figure A22 of this 
document. The level of 0.05 is accepted as a sig-
nificance level, so correlation below 0.05 is con-
sidered insignificant. Thus the time when the en-
velope of autocorrelation function reaches the 
level of 0.05 can be taken as “decorrelation 
time”. Assuming that absence of correlation 
manifests independence, the decorrelation time 
can be taken as the time duration for reaching 
independence, 

As stated in the subsection 5.2.3 of this doc-
ument, parametric roll is characterized by a long 
time for reaching independence - 939 seconds: 
compare Figure A22 to Figure 5 of the Proce-
dure 7.5-02-01-08, where the time duration for 
reaching independence for a typical synchro-
nous roll motion is below 50 seconds. 

 

Figure A22 Autocorrelation function and its enve-
lope; time duration for reaching independence 939 s  

Following the instructions in the subsection 
3.2.3 of the Procedure 7.5-02-01-08, a sample of 
the largest 1/3rd peaks are separated into inde-
pendent groups using the time duration for 
reaching independence of 939 seconds (the 
peaks occurring further than 939 seconds away 
of each other are considered independent). In the 
considered case, the number of independent 
groups equal to the number of independent rec-
ords (20), because of the long time to reach in-
dependence.  
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Auto-covariance function of the largest 

1/3rd peaks is estimated with formula (12) of the 
Procedure 7.5-02-01-08. An estimate of auto-
correlation function (auto-covariance normal-
ized by variance estimate) is shown in Figure 
A23. Note, that the estimate of autocorrelation 
function of the largest 1/3rd peaks is computed 
for the number / index of the peaks rather than a 
time lag.  

Similar to the autocorrelation function of the 
instantaneous roll angle values in Figure A22, 
the envelope is computed and the index to reach 
independence is determined.  It equals for 12 for 
the considered example. 

 

Figure A23 Autocorrelation function and its enve-
lope of of the largest 1/3rd peaks; index / number of 

peaks for reaching independence is 12 

As it is noted in the subsection 3.2.3 of the 
Procedure 7.5-02-01-08, the autocorrelation 
function, shown in Figure A23 needs to be “cut” 
to avoid the influence of inaccuracies in the 
large indices, caused by the decrease of availa-
ble data. Decorrelation point is used in these cal-
culations as a “cut-off” point. The result is 
shown in Figure A24. This “cut-off” function is 
further used in formula (13) of the Procedure 
7.5-02-01-08 to compute the variance of SSA 
estimate. Note the similarity of Figure A24 with 
Figure 6 in the Procedure 7.5-02-01-08.  

 

Figure A24 Final estimate for the auto-correlation 
function for 1/3rd largest peaks of roll motion 

The results of SSA estimation are summa-
rized in table A2. 

Table A2 SSA Estimation Results 

Significant wave height, m 3.5 
Mean zero-crossing wave period, s 14 
Heading, deg 1 
Speed, kn 0 
Number of records 20 
Duration of a record, min 30 
Roll SSA estimate, deg 22.5 
Time for roll independence , s 939 
Number of independent groups 20 
Number of peaks for independence 12 
Std. dev. of SSA estimate, deg 0.26 
Confidence probability  0.95 
Upper boundary, deg 23 
Lower boundary, deg 22 

Following recommendations in the subsec-
tion 5.2.2 of this document, example of handling 
of capsizing cases is given below. To observe 
capsizing event the significant wave height has 
been increased to 9 m, while the mean zero 
crossing period remains 14s. Speed and heading 
remain the same. As a result, 19 out of 20 rec-
ords ended up with the capsizing. Two of these 
records are shown in Figure A25. 
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Figure A25 Two sample records of parametric roll  
with capsizing, simulated for significant wave 

height 9 m, mean zero-crossing period 14s, heading 
1 degree, zero forward speed 

As the geometry of the hull does not include 
weather-tight volumes (containers and super-
structure), observation of capsizing is an indica-
tion of sever roll response rather than an actual 
problem of dynamic stability.  

The peak search procedure is not influenced 
by capsizing, see Figure A26, as the definition 
of a peak presumes “a return”. As capsizing may 
prevent realization of large-amplitude roll an-
gles, these large peaks are absent from the sam-
ple, leading to possible underestimation of SSA. 
Actual data processing does not differ from the 
previous case without capsizing cases. The re-
sults are summarized in Table A3. 

 

Figure A26 Peaks (circles), 1/3rd largest peaks 
(squares) shown for a part of the record 1 in Fig. 

A25. 

Table A3 SSA Estimation Results 

Significant wave height, m 9 
Mean zero-crossing wave period, s 14 
Heading, deg 1 
Speed, kn 0 
Number of records 20 
Max duration of a record, min 30 
Roll SSA estimate, deg 40.1 
Time for roll independence , s 411 
Number of independent groups 20 
Number of peaks for independence 15 
Std. dev. of SSA estimate, deg 0.39 
Confidence probability  0.95 
Upper boundary, deg 40.9 
Lower boundary, deg 39.4 
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