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Abstract

This study evaluates the accuracy of five global wave products (ERA5, GDAS,
GFS, IFS, and the LOPS-WW3 hindcast) across the Southern Ocean. The
evaluation is based on space-time collocation with in situ data from 50 Spot-
ter Lagrangian drifting buoys deployed around the South Pole. Results reveal
systematic discrepancies among modeling architectures. ERA5 and uncoupled
forecasts (GFS, GDAS) exhibit negative biases of up to -0.18 m, with under-
estimation increasing non-linearly during severe storm events from the 95th
(Hs > 6.51 m) to the 99th (Hs > 8.30 m) percentile. This behavior is
physically associated with wind forcing resolution limits under polar lows and
aerodynamic drag coefficient saturation under extreme winds. In contrast, the
LOPS-WWa3 hindcast mitigates wave height underestimation in extreme regimes
(RMSEpgs = 0.67 m; RMSEpgg = 0.77 m) through its specialized T475
parameterization; however, this configuration overestimates modal conditions
(Bias = 40.33 m) and reduces Peak Period (Tp) accuracy (CC = 0.4T;
RMSE = 2.66 s). Operational IFS forecast (ECMWF) exhibited the lowest
overall error (RMSE = 0.32 m; CC = 0.98 for Hs) and maintained lower
errors in extreme regimes (RMSFEpgs = 0.61 m; RMSEpgg = 0.92 m) due
to its two-way wave-atmosphere coupling, fine spatial grid, and updated dissi-
pation physics. Peak Direction (Dp) was represented with circular correlation
above 0.56, indicating that discrepancies stem from wave-growth physics rather



than storm-track representation. These findings provide guidelines for model cal-
ibration, Extreme Value Analysis (EVA) for ocean engineering, and maritime
navigation safety in Antarctic waters.

Keywords: Southern Ocean, Wave modeling, Extreme events, Drifting buoys,
WAVEWATCH III, ERA5

1 Introduction

The Southern Ocean acts as an oceanographic gateway that connects the world’s
major basins and regulates global transfers of heat, momentum, and carbon dioxide
on a planetary scale (Cai et al., 2023; de Carvalho et al., 2025). The wave climate
dynamics across these high-latitude waters (50°S to ~ 75°S) are characterized by
high-energy conditions; the complete absence of continental barriers combined with
the continuous forcing of the westerly winds (westerlies) provides an infinite circum-
polar fetch that generates some of the most intense sea states on Earth (Lemos et al.,
2023; Salimbeni et al., 2024). This wave energy regime is subject to significant inter-
annual variability modulated by large-scale atmospheric modes, such as the Southern
Annular Mode (SAM) and the El Nino—Southern Oscillation (ENSO), which control
the positioning and intensity of polar storm tracks (Shimura et al., 2026; Meucci et al.,
2023). Specifically, positive SAM phases strengthen the meridional pressure gradient
between mid-latitudes and Antarctica, shifting westerly winds and storm tracks pole-
ward to directly enhance wave heights in high latitudes (Shimura et al., 2026; Meucci
et al., 2023). Conversely, ENSO modulates wave conditions through atmospheric tele-
connections, propagating Rossby wave trains from tropical convective anomalies to
polar latitudes, which reorganizes regional pressure systems such as the Amundsen Sea
Low (Shimura et al., 2026; Meucci et al., 2023). However, due to prohibitive logistical
costs and hostile operational conditions, the Antarctic polar seas remain chronically
undersampled in terms of continuous in situ wave measurements (Sharmar et al., 2021;
Bessonova et al., 2025). To address this observational limitation, the present study
conducts a multivariate accuracy assessment of five global wave products, proposing
a validation framework under both modal and extreme storm conditions. By validat-
ing contemporary grid predictions against high-resolution, independent Lagrangian
observations, this research aims to characterize systematic numerical biases, quantify
predictability degradation, and guide polar navigation safety and future global model
calibrations in the Southern Ocean.

To achieve a consistent evaluation, this paper assesses five numerical datasets cate-
gorized into three distinct operational architectures: retrospective products (reanalysis
and hindcast), operational analysis, and operational forecasts. The retrospective
datasets comprise the fifth-generation atmospheric reanalysis (ERA5) (Hersbach
et al., 2020) produced by the European Centre for Medium-Range Weather Forecasts
(ECMWF) and the specialized global wave hindcast (LOPS-WW3) (Alday et al., 2021)
developed by the Laboratoire d’Océanographie Physique et Spatiale (LOPS/IFRE-
MER) with physics tuned for extreme events. Operational analysis is represented



by the National Centers for Environmental Prediction (NCEP) Global Data Assim-
ilation System (GDAS) (Kleist et al., 2009). Operational forecast systems include
NCEP’s Global Forecast System (GFS) (Saha et al., 2010) and ECMWEF’s Integrated
Forecasting System (IFS) (ECMWF, 2023). While retrospective products (ERA5
and LOPS-WW3) and uncoupled analysis/forecast frameworks (GDAS and GFS) are
widely utilized for climate reconstructions and maritime planning, they are prone to
systematic energy deficits under severe regimes, which contrast with the dynamic, two-
way coupled wave-atmosphere architecture of the operational IFS (ECMWF, 2023;
Campos et al., 2020a).

The systematic underestimation of high-energy wave peaks by uncoupled configura-
tions—historically described as the “missing the peaks” phenomenon—is driven by two
primary physical limitations (Cavaleri, 2009; Bessonova et al., 2025). First, the spatial
grid resolution of global atmospheric models limits the representation of sub-mesoscale
pressure gradients within rapidly intensifying polar lows, yielding simulated surface
wind forcings that are systematically weaker than observed (Campos et al., 2022b;
Sharmar et al., 2021). Second, wave model parameterizations of the aerodynamic drag
coefficient (C'd) often reach a saturation limit (capping) under high-wind conditions
(U1o > 20-25 m/s), restricting further wind-to-wave momentum transfer (Elshinnawy
et al., 2024). Furthermore, circumpolar waves are modulated by wave-current interac-
tions induced by the Antarctic Circumpolar Current (ACC) (Guimardes et al., 2022).
Surface current jet velocities in the ACC, ranging between 0.5 and 1.5 m/s, alter the
relative wind speed experienced by waves (Uye) = Uyg — U,..), while current gradients
trigger wave refraction and steepening (Ardhuin et al., 2012; Guimaraes et al., 2022).
In ice-covered waters, wave propagation is further modulated by viscoelastic filter-
ing, floe scattering, and frictional dissipation within the sea-ice Marginal Ice Zone
(MIZ) (Voermans et al., 2020; Montiel et al., 2025). Although specialized hindcasts like
LOPS-WW3 incorporate surface currents and extreme-wind-calibrated source term
physics (T475) to mitigate the wave height deficit, this specific configuration intro-
duces spectral trade-offs that degrade period predictions (Alday et al., 2021; Montiel
et al., 2025).

Quantifying these numerical biases requires independent observational bench-
marks. To address this, the ATMOS 1.0 and 2.0 projects deployed a network of
approximately 50 Spotter Lagrangian drifting buoys in the Southern Ocean (Voer-
mans et al., 2021; Hlophe et al., 2025). Initially launched in the Drake Passage, these
sensors operated as Lagrangian drifting platforms, moving southward and eastward
into high-latitude polar waters and the Marginal Ice Zone (MIZ) while providing con-
tinuous measurements of directional wave spectra. This observational effort yielded a
synchronized database of N = 26,014 quality-controlled matchups, which serves as
the independent in situ benchmark for validating simulated wave height, period, and
direction (Campos, 2023; Voermans et al., 2021).

Using this observational dataset, we analyze model skill across modal conditions
and high-energy regimes stratified by the 95th (Hs > 6.51 m) and 99th (Hs > 8.30 m)
wave height percentiles (Campos, 2023). We hypothesize that: (1) uncoupled configu-
rations (GFS and GDAS) and reanalyses (ERA5) exhibit non-linear underestimations



of Hs linked to grid-resolution constraints and drag coefficient saturation; (2) cou-
pled systems (IFS) and extreme-tuned hindcasts (LOPS-WW3) partially mitigate this
energy deficit, though the latter introduces spectral trade-offs that degrade period
accuracy; and (3) all evaluated products systematically underestimate Peak Period
(T'p) within ice-covered waters, reflecting physical constraints in wave-ice dissipation
parameterizations within the MIZ (Montiel et al., 2025).

2 Data and Methods

2.1 Experimental setup and the ATMOS wave buoy
experiments

The study area comprises the Southern Ocean and Antarctic polar waters, delimited
between the latitudes of 50°S and approximately 75°S (the practical empirical limit
defined by the seasonal sea-ice extent and the Antarctic coastline), as illustrated in
Fig. 1. To overcome the persistent scarcity of continuous in situ measurements in this
remote environment, the observational core of this study relies on a detailed dataset
acquired during the ATMOS (Antarctic Modeling and Observation System) 1.0 and
2.0 projects.

During these projects, a network of approximately 50 Spotter (Sofar Ocean Tech-
nologies) wave buoys was deployed. These sensors were initially launched in the Drake
Passage during the Antarctic Operations (OPERANTAR) campaigns: OP39 (austral
summer 2020/2021), OP40 (2021/2022), OP41 (2022/2023), and OP42 (2023/2024
and 2024/2025), aboard the Polar Vessel Almirante Mazimiano (H-41) or through
opportunity launches performed by the Brazilian Navy crew. Following deployment,
the buoys operated as Lagrangian drifting sensors, drifting southward and eastward
into the sampled high-latitude regions of the Southern Ocean and the Marginal Ice
Zone (MIZ) (Voermans et al., 2021; Hlophe et al., 2025).

Operating as water-following platforms, these buoys utilize highly accurate GPS-
based (GNSS) displacement receivers to provide high-resolution, half-hourly spectral
wave data (Voermans et al., 2021). This extensive Lagrangian dataset serves as the
independent in situ reference for validating modeled Significant Wave Height (Hs),
Peak Period (T'p), and Peak Direction (Dp) under both open-water and ice-covered
polar conditions.

2.2 Wave products description

To perform a systematic intercomparison, five open-access global wave products were
selected, encompassing different numerical architectures, spatial and temporal reso-
lutions, and physical parameterizations (Campos et al., 2022a). The main technical
specifications, including atmospheric forcings, resolutions, and output frequencies, are
summarized in Table 1.

e ERA5 (ECMWF): The fifth-generation global reanalysis, utilizing the ECWAM
model coupled to the IFS (Cycle 41r2) atmospheric system (Hersbach et al., 2020;
Copernicus Climate Change Service, 2023). It operates at a global spatial grid of
~40 km (0.36°) with 1-hourly temporal outputs. The wave physics are based on the
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Fig. 1 Study area encompassing the Southern Ocean and Antarctic polar waters projected in a
polar stereographic coordinate system. Individual colored lines represent the Lagrangian trajectories
of the 50 Spotter drifting buoys deployed during the ATMOS 1.0 and 2.0 projects, serving as the
independent in situ benchmark for model validation.

formulations of Janssen (1991)), with whitecapping and swell dissipation parame-
terizations updated by Bidlot et al. (2007); Bidlot (2012). While atmospheric fields
assimilate multi-source observations via a 4D-Var scheme, wave data assimilation
relies on 2D Optimal Interpolation (OI) of satellite altimetry (Hersbach et al., 2020).
Sea ice is treated using a standard binary threshold mask (Hersbach et al., 2020).
e LOPS-WW3 (IFREMER): A specialized global hindcast based on the WAVE-
WATCH III (WW3 version 6.07) model (Alday et al., 2021; The WAVEWATCH III
Development Group (WW3DG), 2019). Forced by 10-m ERA5 winds, it operates on
a 0.5° global spatial grid with 3-hourly outputs. The T475 parameterization applies
a non-linear correction to the momentum transfer coefficient for wind speeds exceed-
ing 21 m/s, enhancing the wave growth parameter (3,,q.) to compensate for known
negative wind biases in the ERAS5 forcing (Alday et al., 2021). Uniquely, it inte-
grates ocean surface currents (GLOBCURRENT) and advanced mechanical wave



attenuation masks derived from sea-ice concentration and icebergs (ALTIBERG)
(Alday et al., 2021).

GFS and GDAS (NCEP/NOAA): The Global Forecast System (GFS) and the
Global Data Assimilation System (GDAS) utilize the WW3 model (The WAVE-
WATCH IIT Development Group (WW3DG), 2019) forced by NCEP atmospheric
fields on a 0.25° global spatial grid (Kleist et al., 2009; Saha et al., 2010). GDAS
provides the initial sea-state analysis through atmospheric data assimilation (note
that wave parameters are not directly assimilated into GDAS wave fields), whereas
GF'S represents the operational real-time forecast (Kleist et al., 2009; Campos et al.,
2020b). Both rely on the ST4 parameterization scheme for wind-wave growth and
dissipation (Ardhuin et al., 2010; Stopa et al., 2016) and apply a binary sea-ice
mask, providing output fields at 3 to 6-hourly intervals.

IFS (ECMWF): The high-resolution operational forecast system (ECMWTF,
2023). Operating on a 0.25° global spatial grid, it features a dynamic two-way
coupling between the atmosphere and the ECWAM wave model, continuously
adjusting the aerodynamic surface roughness (ECMWF, 2023). Modern operational
cycles (e.g., CY46R1 and CY48R1) utilize the updated by Ardhuin et al. (2010)
parameterizations for whitecapping dissipation (ECMWEF, 2023; Ardhuin et al.,
2010).

Table 1 Technical specifications, spatiotemporal resolutions, and atmospheric forcings of the evaluated

global wave products. Spatial resolutions refer to global grid configurations. Output update cycles

indicate file availability; for operational forecasts and analyses, continuous time series were constructed

using earliest lead times.

Product Type ‘Wave Spatial Grid Temporal Wind Forcing
Model Resolu-
tion
ERA5 Reanalysis ECWAM 0.36° (~40 km) 1-hourly IFS (Cy41r2)
LOPS-WW3  Hindcast WW3 0.50° (~55 km) 3-hourly ERAS5 (SSMI)
GDAS Analysis WW3 0.25° (~28 km) 6-hourly GDAS (Data
Assim.)
GFS Forecast WW3 0.25° (~28 km) 6-hourly GFS (Operational)
IFS Forecast ECWAM 0.25° (~28 km) 3-hourly IFS (Operational)

2.3 Data quality control and collocation

Prior to space-time collocation with the numerical grids, an automated Quality Control
(QC) protocol was applied to the raw observational data to ensure the reliability of
the in situ reference dataset (Voermans et al., 2021). Telemetry gaps longer than
3 days were treated as independent time-series segments. Anomalous displacement
spikes caused by transient GNSS loss during wave overtopping were removed using

physical threshold bounds (0.25 < Hs < 20.0 m; 3.0 < Tp < 30.0 s) (Hlophe et al.

2025; Voermans et al., 2021).
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To mitigate shallow-water physical processes unresolved by coarse global grids (e.g.,
shoaling and refraction), a geographical filter utilizing water depth and distance-to-
coast fields extracted from the ETOPO 2022 global dataset (MacFerrin et al., 2025;
NOAA National Centers for Environmental Information, 2022) discarded measure-
ments recorded at depths shallower than 80 m or closer than 25 km to the coastline
(Campos et al., 2022b; Fanti et al., 2023). Finally, a GFS-based land and ice contour
mask was applied to guarantee that only open-ocean drifting records were evaluated
(The WAVEWATCH IIT Development Group (WW3DG), 2019).

Following QC, a space-time collocation protocol matched the Eulerian model grids
with the Lagrangian buoy trajectories (Campos, 2023). Given the heterogeneity of
output frequencies, the temporal resolution was standardized to 3-hourly synoptic
intervals. For operational forecasts (GFS, IFS) and the GDAS analysis, continuous
time series were constructed by concatenating only the earliest lead times (e.g., 000
to f003) of each operational cycle, preventing lead-time predictability degradation
(Campos et al., 2022a). A representative visualization of this dynamic collocation
procedure along a single trajectory is illustrated in Fig. 2 for Spotter buoy 30163D
under the ERA5 H's field.

Significant Wave Height (m) - Spot 30163D
Date/Time: 2024-12-27 03:00:00
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Fig. 2 Representative example of the Lagrangian-Eulerian space-time collocation. The figure dis-
plays the final frame of the spatial trajectory for Spotter buoy 30163D drifting across the Southern
Ocean, overlaid on the corresponding ERAS5 hourly Significant Wave Height (Hs) field. The complete
high-resolution MP4 animation is available on YouTube at https://youtu.be/GpHstOPDWLA.

Temporal collocation was restricted to a strict +30-minute tolerance window
between buoy measurements and model output timestamps (Campos, 2023). For
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spatial collocation, bilinear interpolation extracted wave parameters at exact buoy
coordinates (Campos, 2023). A nearest-neighbor fallback mechanism was implemented
to prevent data loss near coastal boundaries or marginal ice edges where numerical
masks might output unmapped (NaN) values (Campos, 2023).

To evaluate model skill across both modal and extreme conditions, statistical
assessments were stratified into three regime levels based on empirical buoy distribu-
tions: total sample, 95th percentile (P95%), and 99th percentile (P99%). The extreme
thresholds derived directly from buoy measurements were set at Hs > 6.51 m (P95%)
and Hs > 8.30 m (P99%) for wave height, and T'p > 14.63 s (P95%) and T'p > 17.07 s
(P99%) for period. For multivariate normalized Taylor Diagrams, a strictly synchro-
nized dataset across all five products was established, yielding N = 26,014 common
co-locations.

2.4 Statistical validation and comparison metrics

Model accuracy was quantified through a standard set of statistical metrics: Mean
Absolute Error (MAE), Root Mean Square Error (RMSE), systematic error or Bias,
Scatter Index (SI), Pearson Correlation Coefficient (CC or r), and linear Regression
Slope (Mentaschi et al., 2013; Fanti et al., 2023; Lemos et al., 2023). Considering .S;
as simulated values, O; as in situ drifting buoy observations, N as the total number
of collocated data pairs, and S and O as sample arithmetic means, these metrics are
defined as follows:

Bias = L~ 3°(5, — 0 (1)
N i=1
1 N
MAE = N;L&»—Oi\ (2)
RMSE = | - i(si - 0;)? 3)
N =1
or— | ZisillSs ii_)_o (o ~O)? n

SN (S = §)(0; — 0)

VI (8- 825, (00— Oy
310 = 0)(Si = 5) ©)

>l (0: = O)?

The formulation of SI in Eq. (4) subtracts sample mean errors prior to scatter
calculation, acting as a centered /unbiased scatter index as demonstrated by Mentaschi
et al. (2013). For Peak Direction (Dp), standard arithmetic was replaced by circular

statistics to account for the 360° directional discontinuity, evaluating the shortest
angular arc (Fanti et al., 2023; Lemos et al., 2023).

cc

Slope =



As demonstrated by Mentaschi et al. (2013), relying solely on quadratic error
metrics like RMSE can be misleading, as models exhibiting negative biases during
severe storms may yield lower quadratic overall values. To address this limitation,
quantitative error metrics were complemented with distribution assessment tools,
including Kernel Density Estimation (KDE) and Quantile-Quantile (Q-Q) plots, which
evaluate skill across extreme upper tails (Cavaleri, 2009). Additionally, normalized
Taylor Diagrams synthesized the Correlation Coefficient, Centered RMSE (RMSEc),
and Standard Deviation (o) into a single 2D space to evaluate model variance
representation across parameters (Bessonova et al., 2025; Salimbeni et al., 2024).

3 Results and Discussion

3.1 Overall evaluation of significant wave height (Hs)

The statistical evaluation of the global wave products revealed distinct behaviors in
their ability to represent the Southern Ocean wave climate. As summarized in Table 2
and illustrated by the scatter density plots in Fig. 3, the performance is closely linked
to the underlying modeling architectures.

Table 2 Statistical performance metrics for Significant Wave Height (Hs) across total sample, 95th
percentile (Pgse, > 6.51 m), and 99th percentile (Pygy, > 8.30 m) regimes.

Product RMSE (m) CC Bias (m) SI Slope
Total > Pys, > Pogy,  Total > Pysoy, > Pogy

IFS 0.32 0.61 0.92 0.98 0.86 0.79 +0.07 0.08 0.94

GFS 0.65 1.28 1.60 0.91 0.62 0.53 -0.17 0.17 0.92

GDAS 0.65 1.28 1.61 0.91 0.63 0.54 -0.18 0.17 0.92

ERAS5 0.41 0.86 1.14 0.97 0.85 0.79 -0.14 0.11 0.88

LOPS-WW3 0.54 0.67 0.77 0.96 0.83 0.78 +0.33 0.14 0.97

Operational Forecasts (IFS vs. GFS): When comparing the real-time opera-
tional models, the IFS (ECMWF) demonstrated superior performance over the GFS
(NCEP/NOAA). The IFS registered the lowest absolute error among all evaluated
products (RMSE = 0.32 m), the highest linear correlation (CC = 0.98), and a minor
positive bias of +0.07 m (Fig. 3a). In contrast, the uncoupled GFS forecast (Fig. 3b)
presented a pronounced negative bias (—0.17 m) and nearly doubled the quadratic
errors (RMSE = 0.62 m), indicating a notable limitation in sustaining wave energy
during storm developments.

Hindcast and Analysis Products (GDAS vs. ERA5 vs. LOPS-WW3):
Among the retrospective and analysis datasets, distinct physical behaviors emerge.
The GDAS operational analysis (Fig. 3c) exhibited high scatter indices (SI = 0.17) and
a pronounced systematic underestimation (Bias = —0.18 m), sharing the structural
energy deficit seen in the GF'S. The ERAD reanalysis (Fig. 3d), while showing excellent
phase correlation (CC = 0.97) and low scatter (SI = 0.11), exhibited a systematic
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Fig. 3 Bivariate scatter density plots of Significant Wave Height (Hs, in meters) comparing in situ
buoy observations with the evaluated global products: (a) IFS, (b) GFS, (c) GDAS, (d) ERA5, and
(e) LOPS-WW3.

negative bias (—0.14 m). This corroborates recent global evaluations indicating its
tendency to underestimate severe wave magnitudes (Sharmar et al., 2021; Wang and
Wang, 2022).

Furthermore, wave generation and growth in these high southern latitudes are
continuously modulated by background ocean circulation, particularly the Antarc-
tic Circumpolar Current (ACC). The ACC core features surface velocities typically
ranging from 0.5 to 1.5 m/s. In a co-flowing wind-current regime, the surface current
velocity (ﬁcurrent) reduces the relative wind speed experienced by developing short
waves, defined as (jrel = (710 — ﬁcurrent, effectively dampening wind-sea energy trans-
fer (Ardhuin et al., 2012). As demonstrated by Ardhuin et al. (2012) and Ardhuin
et al. (2017), omitting surface current forcing in wave modeling alters relative wind
forcing and wave refraction gradients. In this evaluation, current forcing represents
a key controlled variable: while LOPS-WW3 explicitly incorporates surface current
fields via GLOBCURRENT assimilation (Alday et al., 2021), and IFS/ERA5 include
currents through the coupled ocean-atmosphere IFS framework, the NCEP products
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(GDAS and GFS) lack dynamic surface current inputs. Despite this relative wind
damping effect, the LOPS-WW3 hindcast (Fig. 3e) displayed a marked overestima-
tion of mean modal conditions (Bias = 40.33 m). This behavior occurs because the
non-linear multiplier in its T475 source-term package significantly boosts wind energy
input under strong winds to overcome ERA5 atmospheric deficits, overriding relative
wind damping across moderate sea states (Alday et al., 2021).

The favorable skill exhibited by the IFS model can be attributed to its integrated
configuration, which combines a dynamic two-way atmospheric-wave coupling archi-
tecture, high spatial resolution (~ 0.25°), and updated saturation-based whitecapping
dissipation physics (Ardhuin et al., 2010; ECMWF, 2023). In this coupled framework,
the evolving sea state continuously modulates atmospheric boundary layer roughness
(Charnock parameter) in real-time. However, disentangling the isolated contribution
of two-way wave-atmosphere coupling from higher spatial resolution and updated dis-
sipation physics would require controlled numerical experiments holding resolution
and physics constant (Janssen, 1991).

3.2 Representation of peak period (Tp) and peak direction
(Dp)

Predicting the Peak Period (T'p) remains a challenge for global spectral models (Fig.
4). Consistent with recent evaluations (Salimbeni et al., 2024), correlation coefficients
for T'p across all products were systematically lower than those found for Hs, with all
models exhibiting a persistent tendency to underestimate the wave period.

Table 3 Statistical performance metrics for Peak Period (T'p, in seconds) across total sample,
Pyse, > 14.63 s, and Pygo, > 17.07 s regimes.

Product RMSE (s) cC Bias (s) SI  Slope
Total > Pgs, > Pggyy,  Total > Pysoy > Pygy

IFS 1.24 1.66 2.60 0.81 0.39 -0.05 -0.10 0.11 0.75

GFS 1.73 2.04 3.25 0.65 0.27 -0.05 -0.06 0.16 0.67

GDAS 1.74 2.03 3.22 0.65 0.28 -0.06 -0.06 0.16 0.67

ERAS5 1.34 2.10 3.67 0.78 0.22 -0.32 -0.28 0.12 0.71

LOPS-WW3 2.66 4.59 7.04 0.47 -0.02 -0.12 -1.10 0.24 0.57

Operational Forecasts (IFS vs. GFS): The IFS model achieved higher period
skill (RMSE = 1.24 s; CC = 0.81; Bias = —0.10 s) compared to other operational
products (Fig. 4a). The uncoupled GFS (Fig. 4b) exhibited reduced skill in capturing
long, mature swell arrivals, resulting in larger error scatter (RMSE = 1.73 s; CC =
0.65).

Retrospective and Analysis Products (GDAS vs. ERA5 vs. LOPS-
WW3): Among retrospective products, ERAB presented the highest phase correlation
(CC = 0.78), despite a negative bias (—0.28 s) (Fig. 4d). GDAS analysis (Fig. 4c)
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propagated larger scatter. Notably, the LOPS-WW3 hindcast (Fig. 4e), despite mit-
igating extreme Hs underestimation, yielded lower period accuracy (CC = 0.47;
RMSE = 2.66 s; Bias = —1.10 s).

This degradation in peak period accuracy within LOPS-WW3 represents a direct
consequence of the T475 source-term design (Alday et al., 2021). By enhancing
momentum transfer under strong wind forcing, T475 shifts spectral energy density
toward higher frequencies, resulting in shorter simulated wave periods compared to
the low-frequency swells observed in situ.

Regarding Peak Direction (Dp), as illustrated by the KDE distributions in Fig. 5,
all products demonstrated consistent performance (Salimbeni et al., 2024). The IFS
and LOPS-WW3 achieved circular correlation coefficients of CC = 0.62 and CC =
0.64, respectively (Table 4). Absolute angular errors (RMSE between 25.3° and 32.2°)
fall within the expected range for high-latitude directional variability, indicating that
major meteorological centers accurately resolve the synoptic-scale kinematics of polar
frontal systems and storm tracks.
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Consolidated KDE Plot Comparison of Direction (Dp) Models
vs Buoy Observations
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Fig. 5 Evaluation of Peak Direction (Dp, in degrees) comparing in situ buoy observations with
evaluated global products, including Kernel Density Estimation (KDE).

Table 4 Circular statistical metrics for Peak Direction (Dp, in degrees) conditioned upon
Hs energy regimes (Pgs9, > 6.51 m and Pygo, > 8.30 m).

Product RMSE (°) CC Bias (°)
Total > P95% > ng% Total > Pg5% > ng%

IFS 25.3 10.0 7.0 0.62 0.94 0.95 +3.8

GFS 32.1 12.7 9.4 0.56 0.75 0.80 +3.2

GDAS 32.2 12.6 9.4 0.56 0.74 0.73 +3.1

ERAS5 26.3 10.8 8.4 0.65 0.85 0.86 +3.8

LOPS-WW3 28.8 8.5 5.8 0.64 0.91 0.92 —2.5
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3.3 Performance in extreme events and the “missing the
peaks” problem

Evaluating the upper tail of the distribution (Hs > Pysy > 6.51 m) using Probability
Density Functions (PDF) and Quantile-Quantile (Q-Q) plots (Fig. 6) highlights a doc-
umented limitation in spectral wave modeling: the “missing the peaks” phenomenon
(Cavaleri, 2009).
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Fig. 6 Probability Density Functions (PDF) and Quantile-Quantile (Q-Q) plots for Significant Wave
Height (Hs, in meters), highlighting model behavior in extreme upper percentiles.

As extratropical cyclones deepen and wave heights exceed 6.51 m, quantile curves
for ERA5, GDAS, and GFS deviate below the 1:1 reference line. This underestimation
is physically rooted in two primary mechanisms:

1. Atmospheric forcing resolution: Coarse spatial grids in global atmospheric
models smooth sub-mesoscale pressure gradients within rapidly intensifying polar
cyclones, yielding negative surface wind biases for wind speeds exceeding 20 m/s
(Campos et al., 2022b; Sharmar et al., 2021).

2. Aerodynamic drag saturation: Spectral wave growth depends non-linearly on
friction velocity (u.). Atmospheric and wave models apply a capping threshold to
the drag coefficient (Cy) under strong winds (Uyg > 20-25 m/s) (Elshinnawy et al.,
2024). In ST4 and ECWAM parameterizations, this Cy saturation limits additional
momentum transfer, compounding atmospheric wind deficits during severe storms.

In contrast, LOPS-WW3 maintains growth rates across extreme quantiles
(RMSEpg5 = 0.8 m) due to its T475 package, which applies a non-linear multiplier to
momentum transfer above 21 m/s (Alday et al., 2021).

These behaviors are synthesized in the normalized Taylor Diagram (Fig. 7), con-
structed from N = 26,014 synchronized observation-model pairs. Models affected by
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Fig. 7 Normalized Taylor Diagram synthesizing multivariate performance (Correlation Coefficient,
Centered RMSE, and Standard Deviation) across a synchronized dataset (N = 26,014).

peak underestimation (ERA5, GDAS, GFS) exhibit normalized standard deviations
lower than 1.0 due to storm-peak smoothing. Conversely, LOPS-WW3 exhibits inflated
variance (o > 1.0) driven by modal overestimation. The coupled IFS forecast displays
balanced variance representation (o & 1.0) alongside low centered quadratic error.

3.4 Practical implications and limitations

The diagnostic assessments presented above carry relevant implications for oceano-
graphic modeling and engineering applications. For operational nowcasting, Antarctic
logistical planning, and short-term navigation safety, the operational IFS forecast
demonstrates distinct performance advantages, owing to its dynamic two-way wave-
atmosphere coupling and updated whitecapping dissipation physics, which maintain
a balanced representation of both modal and high-energy sea states.

Conversely, for applications such as Extreme Value Analysis (EVA), offshore struc-
ture design, and long-term climate risk assessments, the direct uncorrected use of
atmospheric reanalyses (ERAS5) or uncoupled forecasts (GFS and GDAS) warrants
careful consideration. In energetic regimes (Hs > 6.51 m; P95), ERA5 underes-
timation increases non-linearly, with RMSE elevating from 0.40 m in the total
sample to 0.86 m at P95 and 1.14 m at P99. Utilizing uncalibrated reanalyses in
EVA without addressing this upper-tail energy deficit may yield non-conservative
design wave parameters. In such scenarios, implementing statistical post-processing
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techniques—such as the Quantile Mapping Method applied to severe wind fields (Cam-
pos et al., 2022b)—or employing extreme-oriented hindcasts (such as LOPS-WW3)
provides an effective pathway to recover missing extreme wave energy.

These findings from the Southern Ocean—a quintessential high-energy, unlimited-
fetch basin—offer valuable insights for other storm-dominated regions globally, such
as the North Atlantic and North Pacific. However, regional extrapolations must
account for local dynamics, including coastal bathymetric transformations and sea-ice
interactions in polar Marginal Ice Zones (MIZ).

Finally, methodological limitations of the present framework must be acknowl-
edged:

1. Grid resolution and drag physics: While global model resolutions (0.25°
to 0.50°) smooth sub-mesoscale pressure gradients in deep cyclones, extreme
wave underestimation is also intrinsically constrained by the physical saturation
(capping) of the surface drag coefficient (Cy) under high wind speeds.

2. Lagrangian buoy dynamics: The continuous mobility of drifting Spotter buoys
means sensors sample spatially heterogeneous wave and bathymetric fields over
time, rather than fixed Eulerian points. Consequently, these Lagrangian records
represent space-time trajectory tracks rather than stationary univariate time series.

4 Conclusions and Recommendations

The systematic evaluation of five global wave products (ERA5, GDAS, GFS, IFS,
and the LOPS-WW3 hindcast) against Quality-Controlled Spotter drifting buoy mea-
surements in the Southern Ocean highlights important distinctions in contemporary
wave modeling. By applying the spatial and temporal collocation criteria proposed by
Campos (2023), interpolation-related noise was minimized, allowing metrics such as
the Scatter Index (ST) and the centered RMSE to reflect the physical discrepancies
of the models rather than collocation artifacts (Campos et al., 2020b; Campos, 2023).
Furthermore, stratifying the validation into modal, 95th percentile (P95 > 6.51 m for
Hs), and 99th percentile (P99 > 8.30 m for Hs) regimes provided a clear diagnosis
of model predictability degradation during high-energy events.

Based on these findings, the following conclusions and practical recommendations
are presented to guide users in selecting the most appropriate dataset for specific
applications:

1. Short-term operations and maritime safety (IFS): The operational IFS
model (ECMWF) exhibited the most consistent integrated performance across all
sea-state regimes, yielding the lowest overall RMSE (0.32 m), ST (0.08), and a
near-zero mean bias (+0.07 m). In extreme regimes, IFS maintained superior skill,
with RMSE increasing moderately to 0.61 m at P95 and 0.92 m at P99. Its
dynamic two-way wave-atmosphere coupling, combined with fine grid resolution
and updated whitecapping physics, effectively regulates momentum transfer (Ard-
huin et al., 2010; ECMWF, 2023).

Recommendation: For applications requiring high-precision short-term predictabil-
ity, such as maritime navigation, search and rescue (SAR) operations, and logistical
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planning for Antarctic expeditions, the operational IF'S forecast represents a highly
reliable choice among global products.

. Long-term climate studies and Extreme Value Analysis (ERA5): The
ERAD reanalysis demonstrated excellent phase correlation (CC = 0.97) and low
error dispersion in modal conditions (RMSE = 0.40 m). However, it exhibited a
non-linear loss of skill during severe storms, with RM SFE elevating to 0.86 m at P95
(Hs > 6.51 m) and 1.14 m at P99 (Hs > 8.30 m), characteristic of the “missing
the peaks” phenomenon (Cavaleri, 2009; Bessonova et al., 2025).
Recommendation: While ERAS provides long-term historical consistency ideal for
general climate variability studies (Hersbach et al., 2020), its direct uncorrected use
in Extreme Value Analysis (EVA), return-period estimation, or offshore engineering
design warrants caution. Implementing statistical post-processing or bias-correction
algorithms—such as the Quantile Mapping Method applied to wind or wave fields
(Campos et al., 2022b; Fanti et al., 2023)—is recommended to recover missing
extreme energy before establishing design criteria.

. Extreme wave height representation (LOPS-WW3): The specialized LOPS-
WW3 hindcast persistent mitigated upper-tail underestimation, maintaining low
errors in extreme quantiles (RMSFEpg; = 0.67 m; RMSEpgg = 0.77 m). This
capability stems from its T475 source-term package, which enhances the wave
growth parameter (5,,q.) under strong winds (Alday et al., 2021; Elshinnawy et al.,
2024). However, this calibration introduces a spectral trade-off, overestimating
mean modal wave heights (Bias = +0.33 m) and systematically underestimating
Peak Period (RMSEr, =2.66 s; CCr, = 0.47).

Recommendation: This hindcast is best suited for studies focusing specifically on
extreme wave height thresholds and storm peak duration, provided users account
for its positive modal bias and lower accuracy in peak wave periods.

. Uncoupled forecasts and analysis systems (GFS and GDAS): The GFS
operational forecast and GDAS analysis system (NCEP/NOAA) exhibited higher
error dispersion (SI = 0.17) and a pronounced negative bias during severe storms
(RMSEpgg = 1.60 m for GFS and 1.61 m for GDAS). The absence of dynamic
two-way wave-ocean coupling and coarse pressure-gradient resolution in deep polar
cyclones limit these systems’ ability to sustain extreme wave growth (Campos et al.,
2020b; Salimbeni et al., 2024).

Recommendation: Direct deterministic outputs from GFS and GDAS in high
southern latitudes should be interpreted with caution for structural engineering
applications. For operational safety under severe weather, deterministic predictions
benefit from ensemble-based approaches or post-processing adjustments to mitigate
scatter errors.

. Multivariate period (7Tp) and directional (Dp) predictability: A persis-
tent limitation across all evaluated products was the systematic underestimation
of Peak Period (T'p), with correlation coefficients degrading under extreme regimes
(CCpysy ranging from —0.02 to 0.39). This reflects the challenge of resolving
wind-sea to swell transitions and wave-ice dissipation in Marginal Ice Zones (MIZ)
(Montiel et al., 2025). Conversely, Peak Direction (Dp) was consistently captured
by all products (CC > 0.56; RMSE ~ 25°-32°), confirming that synoptic storm
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tracks are accurately resolved.

Recommendation: Researchers investigating wave kinematics in the Southern Ocean
should anticipate that global wave products tend to output systematically shorter
wave periods than observed in situ, whereas directional fields provide reliable
forcing for regional nested grids.

In summary, no single global wave product serves as an optimal solution for all
oceanographic applications in the Southern Ocean; rather, selection must be carefully
aligned with specific user requirements. Future advances in physical oceanography
will benefit from addressing the root causes of model discrepancies—namely, reducing
severe wind biases in global atmospheric reanalyses, refining drag coefficient (Cy) sat-
uration physics under high winds, and improving wave dissipation parameterizations
in sea-ice environments.
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