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For Hs, it appears that tuning of WW3 could provide adjustment sufficient to 
compensate for physics missing in atmosphere-only simulations of wave 
conditions under extreme forcing. In particular, the wind sheltering parameter, 
TAUWS, has a strong effect under high wind speed. Additionally, Gaussian 
process emulators appear to be effective, thus calibation using fast surrogate 
models may be possible.
.

However, we have so far considered only wave height at a limited number of 
locations. Consideration of the full directional-frequency spectrum would be 
required under a formal calibration to ensure that output derived from re-tuning 
generates realistic spectra.
.

We anticipate that extending this type of investigation to additional buoy 
locations, and then including different hurricanes, would lead to a number of 
new parameterisations that could be applicable to research of extreme wave 
climate through numerical simulation with WW3.

Discussion
Figure 5. Hs and Tp at data buoys in the Gulf of Mexico.

Figure 6. Simulation vs obs. at 42001 Figures 8a & b. Main effects and sensitivity variances

Figures 7a & b. Main effects and sensitivity variances

 Sensitivity Analysis

Results

Fig. 6 shows a comparison of simulation and observation for Hs and Tp at data buoy NDBC 42001. The spread of the output from the 
PPE does not encompass the observations throughout. However, the large over-estimation of the maximum Hs can to some extent be 
reduced. This suggests under extreme conditions re-tuning of WW3 may yield more realistic output. Detailed sensitivity analysis 
conducted using emulators is shown in Figs. 7 & 8. Red and green boxes correspond to different times during the simulation (see Fig. 6).

Figure 4a,b: K-extended Latin hypercube [6] design provides nested 
sub-designs while maintaining a highly orthogonal structure. Fig. 4a 
shows nine sub-designs.Table 1: Physics parameters included in the design.

Experiment Design
Parameters associated with wind input [4], energy dissipation 
[4] and wave nonlinear interactions (DIA) [5] were perturbed 
to examine their effect on Hs during simulations of Hurricane 
Ike. An efficient space filling design was constructed [Fig. 4] 
according to [6] and surrogate modeling methods based upon 
Gaussian process regression, or 'emulators', were employed 
to explain the variance induced in the simulation output (e.g 
[7]). Details of the physics parameters are given in Table 1.

Winds generated from WRF, initialised by 
NCEP Climate Forecast System Reanalysis.
.

Winds at 4.5 km horizontal resolution, 
every 15 minutes.
.

WW3, 4.5 km grid, ST4 [4], NL1 [5] physics.
.

150 member ensemble, 10 days per run.
.

Latin hypercube design over parameters 
according to [6], allows design growth.
.

Emulators based upon Gaussian processes 
used to perform variance-based sensitivity 
analysis.
.

Main effects and variances computed for Hs 
at NOAA data buoys.

A Gaussian process emulator is a form of 
"functional regression" that is useful when 
conducting uncertainty quantification for numerical 
models. Where input is perturbed according to a 
design (see e.g. [6]), the regression model can be 
fitted accurately to output, and used to interpolate 
thus saving substantial computational resource. The 
emulator can then be used for extensive uncertainty 
and sensitivity analysis that would otherwise be 
computationally prohibitive to conduct.

What is an Emulator?

A perturbed wave physics experiment for Hurricane Ike
Making use of very high resolution (4 km horizontal, 15 minutes) winds generated from intialised runs of 
the Weather Research and Forecasting model (WRF), we ran a perturbed physics experiment (PPE) for 
Wavewatch 3 (4 km grid) under Hurricane Ike (2008)  [Fig. 2]. Through a designed ensemble of 150 
members, parameterisations for input, dissipation and nonlinear wave-wave interactions physics source 
terms were adjusted. Output was compared with observations from a number of nearby NOAA data buoys.

Figure 2. Storm track and buoy locations. Figure 3. Image of simulated Hs during Ike.

Long simulations using numerical wind-wave models can be used to study wave climate. Recently, high resolution historical global
wind fields, that have been shown to generate a realistic tropical cyclone (TC) climatology [1], have been used for this purpose [2], 
thus capturing intense waves from TCs and hurricanes. However, numerous sources of uncertainty and error remain unexplained.

[2] investigated extreme significant wave height in terms of 20-year return level, contrasting results between ~100 km and ~25 km atmospheric forcing [Fig. 1]. Important 
sources of uncertainty were contributed from both atmospheric simulations and wave modeling. In particular, the atmosphere was modeled without a dynamic ocean (using 
historic or prescribed SSTs in its place) which precluded important feedback effects that might in general reduce TC intensity, such as surface cooling due to turbulence 
induced mixing. Other feedbacks affect simulated waves, such as TC induced currents tend to reduce wave strength. In addition, global numerical wave models such as 
Wavewatch 3 (WW3) [3] are typically not formulated to account for highly nonlinear processes seen under hurricane conditions. However, WW3 has proved effective under 
such conditions and we hypothesize that model tuning can be used to compensate for inadequacies in the underlying atmospheric and (lack of) ocean modeling. In this study, 
we examine performance under hurricane conditions by conducting a variance-based sensitivity analysis for perturbed model physics using a single example - Hurricane Ike. 
Our results suggest that recalibrating WW3 could improve accuracy in simulations of extreme wave climate where winds are derived from atmosphere-only simulations.

Figure 1. Resolution dependence of sim. 
extreme wave climate [2].
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