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Abstract6

The distribution of wave heights, and therefore the occurrence rate of extreme waves,7

depends on the shape of the surface elevation spectrum. In an idealized two-layer flow,8

e.g. fresh water overlaying salt water, the spectral shape of surface waves is modified by9

class-3 triad interactions. We conduct numerical simulations of the wave field evolution10

on a two-layer stratified fluid. Starting from realistic deep-water JONSWAP spectra, the11

spectral density at high wavenumbers increases while the variance in the peak region de-12

creases and the peak shifts slightly lower. The enhancement of the spectral tail grows13

rapidly with increasing initial wave steepness and is strongest for broad-banded spec-14

tra. Monte-Carlo simulations of surface realizations are performed, where the surface is15

a linear superposition of wave components taken from the initial and the modified spec-16

tra. In all cases, the wave height and crest height distributions can be expressed by mod-17

ified Rayleigh distributions. On a two-layer flow the probability of rogue waves can be18

up to 2 orders of magnitude lower than in the unstratified deep water case, whereas the19

probability of rogue crests is nearly unaffected. The average crest-trough correlation, cal-20

culated from the spectra, is a good predictor for rogue wave probabilities even for strongly21

modified spectra with enhanced high wave number spectral variance.22

1 Introduction23

Large ocean waves may cause serious damage to ships, off-shore platforms, and coastal24

structures, and understanding the occurrence rate of large waves is important for mar-25

itime safety (Nikolkina & Didenkulova, 2011). The risk associated with large waves de-26

pends on the absolute height of a wave as well as how extreme the wave is relative to27

the prevailing sea state. Due to the stochastic nature of individual wave heights, exceedance28

probabilities are the best way to assess the risk presented by an ocean sea state.29

The prevailing sea state is characterized by the significant wave height Hs, defined30

as the average of the largest third of the waves in the wave field. An individual wave is31

defined as the profile of the surface elevation between two consecutive downward zero32

crossings at a fixed location. The wave height H is the distance from the peak (or crest)33

of the profile to the trough, and the crest height η is the distance from the mean water34

level to the wave crest (Holthuijsen, 2007). Wave height exceedance probability is the35

probability that a given wave will exceed some value, often expressed as multiples of the36

significant wave height Hs:37

P (z) = prob(
H

Hs
>= z). (1)

In deep water gravity waves are dispersive and at any given location the wave field is a38

superposition of individual wave components of varying frequency and direction. Based39

on linear theory the resulting wave height distributions are given by the Rayleigh dis-40

tribution (Longuet-Higgins, 1952), and for narrow-banded spectra their exceedance prob-41

ability is42

P

(
H

Hs
> z

)
= e−2z2

, and P

(
η

Hs
> z

)
= e−8z2

(2)

for wave heights, and crest heights, respectively.43

More general, the exceedance probability can be written as a Weibull distribution44

P

(
H

Hs
> z

)
= exp(

−zα

βH
), P

(
η

Hs
> z

)
= exp(

−zα

βη
). (3)

where α and β are functions of the spectral bandwidth, and water depth (Forristall, 2000).45

For a discussion of common parameterizations for (3) see Gemmrich & Garrett (2011).46

Besides these theoretically derived wave statistics a wide range of empirical distributions47

have been developed, as reviewed in Vanem et al. (2022).48
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The transformation49

ln(−ln(P )) = α ln(z)− ln(β) (4)

results in straight lines of the exceedance probability (3) when plotted against ln(z) and50

deviations from the linear model are easily recognized (Gemmrich & Garrett, 2011). Ob-51

served wave height distributions show good agreement with the Weibull distribution up52

to moderate normalized wave heights H/Hs, but a sharp increased probability for ex-53

treme waves (Dysthe et al., 2008; Gemmrich & Thomson, 2017; Gemmrich & Cicon, 2022).54

Monte-Carlo simulations of random superposition of fourth-order Stokes waves showed55

excellent agreement with real ocean wave height distributions, including the increased56

probability of extreme waves (Gemmrich & Garrett, 2011; Gemmrich & Thomson, 2017;57

Gemmrich & Cicon, 2022). Thus, for idealized conditions of a narrow-banded wave field58

on homogeneous deep water the wave height distribution is reasonably well known. How-59

ever, on stratified water the wave spectra, and therefore the wave height distribution might60

be different.61

The commonly weak density stratification in the ocean supports internal waves which62

can generate converging and diverging weak currents at the surface. The resulting wave-63

current interactions affect mainly the high wavenumber tail of the surface wave spectrum,64

making internal waves highly visible in remote sensing synthetic aperture radar (SAR)65

images (e.g. Romeiser & Graber, 2015). Modulations of the surface wave spectra can be66

significant, up to O(1), but are restricted to wave length of order 1m, or less (Lenain &67

Pizzo, 2021), and will therefore have a negligible impact on the wave height distribution.68

On the other hand, oceanic conditions with a shallow well-mixed surface layer hav-69

ing a lower density than the underlying water can be idealized as a two-layer flow. Such70

a two-layer flow supports so-called class-three wave-wave triad interactions between two71

surface waves and an interfacial waves, all propagating in the same direction (Alam, 2012).72

These triad wave-wave interactions are limited to wave numbers k > kc, where the crit-73

ical wave number kc increases with decreasing density difference between the two lay-74

ers. For large density differences the critical wave number is comparable to the wavenum-75

ber kp at the peak of the wave spectrum and the triad interaction result in a downshift76

of the peak (Tanaka & Wakayama, 2015). In oceanic conditions the density difference77

between the two layers can be due to temperature and salinity, with salinity generally78

taking a more dominant role. For example, a layer of fresh water overlaying oceanic salt-79

water occurs naturally in estuaries or due to freshly melted sea ice. In such a situation80

a realistic lower bound for the density ratio R = ρu/ρl is R = 0.97, where ρu, ρl are81

the densities of the upper and lower layer, respectively, and kc = 8.3kp.82

Recent simulations of waves on an idealized two-layer stratified water body using83

high order spectral methods (HOS) (Dommermuth & Yue, 1987) show the evolution of84

the wave spectrum in the case of R = 0.97 (Gemmrich & Monahan, 2021). The sim-85

ulations predict an overall energy decrease with a relative enhancement of the high-wavenumber86

tail of the spectrum. Here we analyze what is the effect of this profound change of the87

spectral shape on the resulting wave height distribution.88

2 Simulation of wave field evolution89

We consider a two-layer system with a shallow upper layer and a deep lower layer90

with thickness hu, hl, respectively, and hu ≪ hl. Such a system can support gravity waves91

at the free surface and at the interface between the two layers, both propagating in the92

positive x-direction. The model is described in detail in (Alam, 2012; Tanaka & Wakayama,93

2015; Gemmrich & Monahan, 2021). Here we give a basic summary.94

The irrotational motion is obtained from Laplace’s equation for the velocity po-95

tentials Φu(x, z, t) in the upper layer and Φl(x, z, t) in the lower layer, where z denotes96

the vertical coordinate direction:97
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∇2Φu = 0, −hu + ηl < z < ηu (5a)

∇2Φl = 0, −hu − hl < z < −hu + ηl (5b)

The kinematic boundary conditions are98

∂ηu
∂t

+
∂ηu
∂x

∂Φu

∂x
− ∂Φu

∂z
= 0, z = ηu (6a)

∂ηl
∂t

+
∂ηl
∂x

∂Φu

∂x
− ∂Φu

∂z
= 0, z = −hu + ηl (6b)

∂ηl
∂t

+
∂ηl
∂x

∂Φl

∂x
− ∂Φl

∂z
= 0, z = −hu + ηl (6c)

The dynamic boundary conditions are given by the Bernoulli equation:99

∂Φu

∂t
+

1

2

[(
∂Φu

∂x

)2

+

(
∂Φu

∂z

)2
]
+ gηu = 0, z = ηu (7a)

ρu

[
∂Φu

∂t
+

1

2

[(
∂Φu

∂x

)2

+

(
∂Φu

∂z

)2
]
+ gηl

]

−ρl

[
∂Φl

∂t
+

1

2

[(
∂Φl

∂x

)2

+

(
∂Φl

∂z

)2
]
+ gηl

]
= 0, z = −hu + ηl (7b)

∂Φl

∂z
= 0, z = −hu − hl (7c)

where g is the acceleration due to gravity, and ηu, ηl are the elevations of the surface and100

the interface, respectively, composed of superposition of small amplitude plane waves.101

The system (5-7) can be expanded into a set of evolution equations:102

∂ηu
∂t

= −∂ηu
∂x

∂ΦS
u

∂x
+

[
1 +

(
∂ηu
∂x

)2
]
∂Φu

∂z
, z = ηu (8a)

∂ΦS
u

∂t
= −1

2

[(
∂ΦS

u

∂x

)2

−

[
1 +

(
∂ηu
∂x

)2
](

∂Φu

∂z

)2
]
− gηu, z = ηu (8b)

∂ηl
∂t

= −∂ηl
∂x

∂ΦI
u

∂x
+

[
1 +

(
∂ηl
∂x

)2
]
∂Φu

∂z
, z = −hu + ηl (8c)

∂Ψl

∂t
=

1

2

[
R

(
∂ΦI

u

∂x

)2

−
(
∂ΦI

l

∂z

)2
]

+
1

2

(
1 +

(
∂ηl
∂x

)2
)[(

∂Φl

∂z

)2

−R

(
∂Φu

∂z

)2
]
− gηl(1−R), z = −hu + ηl (8d)

where ΦS
u(x, t) = Φu(x, ηu, t) and ΨI(x, t) = Φu(x,−hu + ηl, t)−RΦl(x,−hu + ηl, t).103

This system can be solved with the High Order Spectral Method (HOS) (Alam et al.,104

2009). Similar to Gemmrich & Monahan (2021) we restrict the expansion to second or-105

der in wave steepness.106

The single boundary conditions at the a-priori unknown time- and space-varying107

surface, z = ηu(x, t), and interface, z = −hu+ηl(x, t), are transformed into a series of108

linearized boundary conditions for the perturbed potentials Φ
(m)
u and Φ

(m)
l , m = 1, 2109

at fixed vertical locations, which can be solved sequentially, starting from m = 1. Us-110

ing a 4thorder Runge-Kutta scheme for integration the time-varying surface and inter-111

facial elevations and their velocity potentials at all locations x are obtained. After each112
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time step the “wave-breaking scheme” described in Gemmrich & Monahan (2021) reduces113

steep waves to the Stokes limiting steepness 0.14.114

The model is non-dimensionalized with mean upper layer depth, lower layer den-115

sity and acceleration due to gravity as scaling parameters. We initialize the model with116

a realistic surface wave field and let it evolve over a period of 1000 dominant wave pe-117

riods Tp. This duration is long enough for class-three triad interactions to generate in-118

terfacial waves (Alam, 2012) and to achieve nearly steady-state solutions.119

Two-layer conditions in the ocean are most likely in fetch-limited conditions and120

a JONSWAP type spectrum (Hasselmann et al., 1973) is a suitable choice for initial sur-121

face wave spectra. The frequency-domain JONSWAP spectrum is implemented in the122

Matlab toolbox WAFO (Brodtkorb et al., 2000):123

Ss(ω) =
bH2

s

ωp

(ωp

ω

)5
exp

[
−5

4

(
ω

ωp

)−4
]
γq, q = exp

(
−1

2

(ω/ωp − 1)2

s

)
(9)

with normalization factor b, peak frequency ωp and s = 0.07 for ω ≤ ωp and s = 0.09124

for ω > ωp. The peak enhancement factor γ is a measure of wave field development,125

ranging from γ = 1 for fully developed seas to γ = 7 for young seas. We then convert126

the dimensional frequency domain spectrum S(ω) into its non-dimensional wavenum-127

ber form S(k/kp) based on the deep water dispersion relation ω2 = k g. The model (8)128

is evaluated at Nx = 221 evenly spaced locations where the initial surface elevation is129

a random realization consistent with the initial wavenumber spectrum. The interface be-130

tween the two layers is initially undisturbed. The evolution of the surface and interface131

are then calculated for a duration of 1000 dominant wave periods Tp, at a time step ∆t =132

Tp/500.133

To cover a wide range of sea states we run the two-layer model (8) for 56 initial con-134

ditions, specified by R = 0.97, ωp = 2π, γ = [1, 2, 3, 4, 5, 6, 7], and nondimensional135

wave heights Hs = [0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09]. Each run is repeated six136

times with different seeds for the random number generation, i.e. the initial surface wave137

fields have identical spectral shapes but six different realizations. These 56 initial con-138

ditions result in different average wave steepness ak, which is mainly governed by the139

value of Hs, and different spectral bandwidth140

ν =

(
m0m2

m2
1

− 1

)1/2

, (10)

where mn is the nth moment of the spectrum (Longuet-Higgins, 1984).141

Here we are interested in the changes of the spectral shape of the surface wave field,142

due to class-three triad interactions and associated wave breaking. Except for very small143

wave heights, and therefore small average wave steepness ak, the surface wave spectrum144

undergoes following three changes: i) a weak downshift of the peak, ii) an overall loss145

of power, and iii) a pronounced enhancement of the spectral tail, k > 3kp. Modifica-146

tions of the spectral shape in the peak region 0.5kp < k < 3kp are strongest for more147

developed sea states, i.e. smaller γ (Fig.1).148

The surface energy dissipated during the evolution of the two-layer flow is a com-149

bination of energy transfer to the interface displacement and dissipation due to wave break-150

ing (Gemmrich & Monahan, 2021). It can be quantified as:151

Γs =
ρu

[∫ kmax

0
Ss(k, t = 0)dk −

∫ kmax

0
Ss(k, t = 1000)dk

]
ρu
∫ 12kp

0
Ss(k, t = 0)dk

(11)

Here we chose kmax = 12kp. This choice ensures that the initial spectral density at k >152

kmax is negligible, S(kmax, t = 0)/S(kp, t = 0) < 10−3, while kmax ≫ kcrit.153
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Energy dissipation Γs shows a strong threshold behaviour on wave steepness with154

little dissipation at ak < 0.07 and 20% to 30% dissipation for the steepest initial con-155

ditions 0.12 < ak < 0.14. Its dependence on spectral bandwidth does not appear to156

be systematic (Fig.2 a).157

The strongest impact of the triad interactions is the enhancement of the spectral158

tail. This can be quantified as tail enhancement159

Πs =
Etail(t = 1000)

Epeak(t = 1000)

(
Etail(t = 0)

Epeak(t = 0)

)−1

(12)

where160

Epeak(t) =

∫ 2.5kp

0

Ss(k, t)dk, Etail(t) =

∫ kmax

2.5kp

Ss(k, t)dk (13)

The tail enhancement shows a strong threshold behaviour on wave steepness, sim-161

ilar to the energy dissipation (Fig.2 b). In addition, Πs is positively correlated with spec-162

tral bandwidth ν. For steep waves, ak > 0.11, the total variance in the spectral tail,163

k > 2.5kp approximately doubles, Πs ≈ 2, compared to the initial JONSWAP condi-164

tions.165

3 Surface wave height distributions166

To evaluate the impact these profound spectral changes, Γs,Πs, have on the dis-167

tribution of wave heights we perform Monte-Carlo simulations of surface elevations168

ηu(x) =

Nk∑
n=1

an cos(knx) + bn sin(knx) (14)

The coefficients an, bn are generated from a normal distribution, have zero mean,169

and a variance equal to the desired spectrum at kn. Surface elevations are generated from170

the initial spectrum, and the evolved spectrum at t = 1000Tp, for each set of (γ,Hs)171

parameters of the two-layer simulations. The spectra are evaluated at Nk = 222 wavenum-172

bers. This yields about 2 × 105 individual waves for each realization, from which the173

normalized wave heights H/Hs and crest heights η/Hs are extracted, where the signif-174

icant wave height Hs = 4σηu is calculated separately for each realization. This proce-175

dure is repeated 100 times with different random seeds, but the same spectrum. Since176

for each initial condition the two-layer evolution (8) is run six times, there are six sets177

of slightly different spectra. The Monte-Carlo simulations of surface elevations are then178

repeated for the additional runs of the two-layer evolution (8) for the given initial con-179

dition, resulting in 600 synthetic surface elevation records for each initial (γ,Hs). In to-180

tal there are roughly 108 individual wave and crest heights from which the exceedance181

probability can be calculated. Examples of initial and final wave height and crest height182

distributions are given in Figures 3a, 4a.183

It is well known that higher order Stokes corrections, responsible for sharper and184

taller crests, and shallower and flatter troughs, result in several orders of magnitude in-185

crease in the probability of extreme wave heights, resulting in curved lines for H/Hs ≳186

2.2 when plotted according to (4) (Gemmrich & Garrett, 2011). To highlight the effect187

of two-layer wave field evolution we purposely restrict our analysis to purely linear sim-188

ulations, without Stokes corrections. For linear simulations the exceedance probability189

curves are expected to be straight lines and deviations are easily determined.190

The exceedance probability P of wave heights for any given value H/Hs ≤ 2.5191

decreases for waves on a two-layer flow compared to the initial JONSWAP condition (Fig.3a).192
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The initial as well as the final wave height distribution follow a Weibull distribution (3),193

as expected for linear superposition and indicated by a straight line (4), with α(initial) =194

α(final) ≈ 2, and βH(final) < βH(initial) ≈ 1/2. The decrease in β implies that195

the relative change in wave height exceedance probability increases with normalized wave196

height z. The change in the wave height distribution is linked to the energy dissipation197

and the tail enhancement during the two-layer evolution. Therefore, it is not surprising198

that the relative change of exceedance probability, quantified by the ratio P (z)final/P (z)initial,199

shows a threshold behaviour on average wave steepness, similar to Γs and Πs (Fig.3b).200

For example, the likelihood of rogue waves, defined as z ≥ 2.2, decreases by roughly201

10% in moderate steep initial conditions, ak < 0.1, but in the steepest conditions, ak >202

0.12, their occurrence rate is expected to drop by almost 2 orders of magnitude.203

In contrast, the distribution of normalized crest heights η/Hs is nearly identical204

for the initial and the evolved spectra (Fig.4). Only the most extreme crests η/Hs >205

1.15 show a small increase of exceedance probabilities at the evolved stage. For the steep-206

est initial wave fields the likelihood of rogue crests, commonly defined as η/Hs > 1.25,207

increase by up to a factor 1.4 (Fig.4b), much smaller than the order of magnitude change208

of rogue wave probabilities (Fig.3b).209

4 Crest-trough correlation210

The different evolution for wave height and crest height distributions implies a de-211

crease in the average correlation r between crests and the following troughs. If the crest212

heights were strongly correlated with the trough depths a large crest height would also213

have a large trough depth in most cases. Since a wave height is just the sum of the crest214

height and the trough depth, a large crest height and large trough depth would equal215

a large wave height. As such, the only way for crest heights to show such different be-216

haviour from the corresponding wave heights is if the crest heights became decoupled217

from the trough depths. This difference in crest heights versus trough depths is not re-218

lated to nonlinearities or higher-order Stokes corrections (Stokes, 1880) since the surface219

elevation (14) is a linear superposition of independent, Gaussian-distributed components.220

The probability of a large wave occurring, assuming a sufficiently narrow bandwidth,221

is larger for strongly correlated crest heights and trough depths (Casas-Prat & Holthui-222

jsen, 2010; Häfner et al., 2021b). Additionally, the Rayleigh exceedance curve (2) is cal-223

culated assuming that each wave height is twice the corresponding crest height (Casas-224

Prat & Holthuijsen, 2010). This assumption is equivalent to perfectly correlated crest225

heights and trough depths, r = 1. For finite but narrow bandwidth the exceedance prob-226

ability for wave heights is given by a modified Rayleigh distribution (Naess, 1985):227

P

(
H

Hs
> z

)
= exp

(
−2z2

βr

)
, βr =

1 + r

2
, (15)

where the crest-trough correlation r is defined with trough depths taken to be positive,228

i.e. r = 1 implying perfectly correlated crests and troughs.229

A recent analysis of more than 1 billion individual waves (Häfner et al., 2021a) con-230

firmed the crest-trough correlation as the strongest predictor for wave height exceedances231

for z = 2.0 and z = 2.4 (Häfner et al., 2021b), and r could built the basis for a prac-232

tical probabilistic rogue wave prediction. However, the calculation of the crest-trough233

correlation requires the height and depth of the individual crest-trough pairs, which are234

often not available. A proxy can be the average correlation at the dominant wave pe-235

riod (Tayfun & Fedele, 2007):236

r̃ =
1

m0

√
ρ2 + λ2, with ρ =

∫ ∞

0

S(f) cos(2πfτ)df , λ =

∫ ∞

0

S(f) sin(2πfτ)df, (16)
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where τ = T̄
2 is the lag time at half the spectral mean period T̄ = m0

m1
, and mn is the237

nth spectral moment.238

The advantage of using r̃ is that it can be readily calculated not only from the full239

surface elevation record η but also from more widely available observed 1-d wave spec-240

tra, and from standard wave model output (Gemmrich & Cicon, 2022).241

Here we calculate r̃initial, r̃final according (16) from the initial and final frequency242

spectra, respectively. For all our simulations the initial crest-trough correlation is rel-243

atively high, 0.67 < r̃initial < 0.82, and the correlations corresponding to the final spec-244

tra are generally less than the initial , r̃final ≤ r̃initial. As a result of the wave field evo-245

lution on the two-layer fluid the probability of rogue waves, P (H/Hs > 2.2) decreases246

on average as the decline of the final crest-trough correlation becomes more prominent247

(Fig.5a). However, for a given decline in correlation r̃ the reduction of rogue wave prob-248

ability can vary by up to one order of magnitude, especially for r̃initial − r̃final > 0.2,249

with no consistent dependence on the actual value of the correlation, or the wave steep-250

ness (not shown). In a real-world two-layer flow the initial crest-trough correlation would251

not be known, only r̃final. However, the modified Rayleigh distribution (15) provides252

a reasonable approximation of our scattered simulation data with only weak dependence253

on the value r̃initial of the crest-trough correlation in the unstratified case (Fig.5a).254

As discussed above, the probability of large crests can increase slightly in a two-255

layer situation for very steep initial wave fields (Fig.4b). However, the change in prob-256

abilities of rogue crests P (η/Hs > 1.25) does not depend on the crest-trough correla-257

tion, as expected (Fig.5b).258

Rogue waves (rogue crests) are rare events that populate the tail of the wave height259

(crest height) distribution, and therefore their probabilities are particularly sensitive to260

sampling variability. Our simulations are based on six realizations for each parameter261

setting. We expect that by substantially increasing the number of realizations the large262

scatter of rogue wave probabilities would be reduced, and the apparent weak dependence263

of rogue crest probabilities on r̃final would disappear.264

5 Conclusions265

Situations of a shallow layer of nearly fresh water overlaying a deep layer of salt266

water resulting in a density ratio R = 0.97 are the limiting case of idealized two-layer267

flows in the ocean. Even such small density changes can support class-three wave triad268

interactions between two surface waves and an interfacial wave. These three-wave inter-269

actions, which are not possible in deep unstratified water, result in a spectral tail enhance-270

ment of the surface wave field. This modification of the shape of the surface spectrum271

has a significant effect on the distribution of individual wave heights, and only a weak272

effect on the distribution of crest heights.273

Our analysis is restricted to purely linear waves, neglecting higher-order Stokes cor-274

rections. Thus, absolute occurrence rates of rogue waves would not be representative for275

real ocean conditions. However, the ratio of rogue wave probabilities in the two-layer sys-276

tem to the unstratified case provides an estimate of the relative effect of stratification277

on rogue wave occurrence. Our simulations show a decrease of rogue wave probabilities278

in the two-layer flow by up to two orders of magnitude, and a much smaller increase of279

rogue crests, up to a factor 1.4.280

In deep, unstratified water the crest-trough correlation r evaluated at half the mean281

wave period is a good predictor for rogue wave probabilities. The modified Rayleigh dis-282

tribution, which includes r as a correction, accounts for finite bandwidth effects (Naess,283

1985). The same correction is valid in the two-layer case, even for strongly modified spec-284

tra with enhanced high wave number spectral variance.285
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These results are based on idealized simulations and need testing in real-world con-286

ditions. A first step should be the analysis of the spectral tail of the wave field in estu-287

aries, or in polar conditions following ice melt. Since the spectral modifications are ex-288

pected to be most visible at high wave numbers, say k > 5kp, high sampling rates and289

an extremely low noise floor are required for such measurements. Another pronounced290

feature of waves on a two-layer fluid will be the reduced probability of extreme individ-291

ual waves but a nearly unaffected probability of extreme crests. Therefore, a strong mis-292

match between rogue wave occurrence and rogue crest occurrence in wave observations293

in potential two-layer conditions would be a strong indication for the spectral modifi-294

cations predicted by the model. Such observations have to be of sufficient length, say sev-295

eral weeks, to show a significantly higher number of extreme crests than extreme waves.296

While it is unlikely for a two-layer stratification due to melt water to remain for such297

a long period, observations in estuaries would be a strong candidate to look for the asym-298

metry of rogue wave and rogue crest occurrences.299
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Figure 1. Evolution of normalized surface wave spectra from initial condition (blue) to condi-

tion at t = 1000Tp (red); Hs = 0.07. a) γ = 2 b) γ = 7.
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Figure 2. Relative change of spectral surface wave energy after 1000Tp as function of initial

dominant wave steepness ak and initial spectral bandwidth ν. a) Energy loss Γs. b) Spectral tail

enhancement Πs .
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Figure 3. a) Wave height distribution probability P for initial spectrum (blue o) and final

spectrum at t = 1000 (red x); γ = 5;Hs = 0.08. b) Relative change in wave height exceedance

probabilities for all cases, stratified by the dominant initial wave steepness ak. Dashed vertical

line indicates the rogue wave criterion.
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Figure 4. Same as Figure 3, but for crest height.
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Figure 5. Change of probability of a) rogue waves, (P (H/Hs > 2.2)), and b) rogue crests

(P (η/Hs > 1.25), as function of change in crest-trough correlation r̃, stratified by final crest-

trough correlation r̃final . Lines represent (15) for r̃initial = 0.82 (solid), and r̃initial = 0.67

(dashed).
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