
From Inherited Waves to Local Forcing: 
Frequency-Dependent Wave Adjustment during Typhoon Saudel

How do we reconstruct 
directional wave evolution 
under a moving tropical 
cyclone?

5. Frequency-dependent spectral structure4. Temporal evolution and wind–wave disequilibrium

Conclusion | Wave-field adjustment is frequency dependent, with energetic and directional properties exhibiting distinct evolution.
Stronger winds are associated with increasingly consistent high-frequency energy spectra, even as directional variability persists. Together with the distinct chronological wind–wave trajectories, these 
observations suggest that inherited and locally forced components coexist within an evolving sea state. The controlling mechanisms and intrinsic adjustment timescales remain unresolved.

Four drifting Spotter buoys sampled 
the evolving wave field during Typhoon 
Saudel (24–28 August 2026). 

Directional spectra are reconstructed 
from measured Fourier moments 
using the maximum entropy method 
(MEM), then corrected for Doppler 
shifts associated with buoy motion. The 
resulting spectra resolve frequency-
dependent wave energy and directional 
spreading.
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Observation 1 | Instantaneous wind does not uniquely determine wave state.
Observations eight hours apart exhibit nearly identical wind speeds (~33 m s-¹) but substantially different wave energy and directional 
structure.

1. Sampling the evolving wave field 2. MEM spectral reconstruction 3. Correcting for buoy motion

Observation 2 | Energetic and directional properties follow distinct evolutionary paths.
Wave height, mean square slope, and directional spreading evolve differently through storm passage, with rising and falling winds 
tracing distinct wind–wave relationships.

Observation 3 | Spectral variability reorganizes across wind regimes.
Weak and intermediate winds exhibit distinct peak-frequency populations and enhanced variability near their spectral peaks. Under 
stronger winds, high-frequency energy spectra become more consistent, while directional variability persists.
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Doppler corrections: HF spread and mean square slope
SAUDEL  |  270 observations · four buoys pooled · 24–27 Aug 2026 UTC

Corrected − original: HF directional spread and band-limited MSS
HF spread: 0.20–0.50 Hz · MSS: common native bins ≤0.50 Hz Doppler mechanism

Dotted: projection of drift onto k

ωobs =ωintrinsic −k ⋅Ub

Drift along k shifts encounter frequency.
Ub: modeled Stokes + windage
k: wave propagation vector

HF spreading

-3.24%
Median % change · n=270

Mean square slope

+9.14%
Median % change · n=270

Original: uncorrected Spotter MEM. Corrected: full 2-D Doppler; modeled drift = measured-band Stokes + 1.2% corrected WRF windage.
Wind: Donelan–YSU WRF 10 m, model center → best-track position/heading → HF rotation/displacement; sampled at buoy position/time.
MSS = ∑E(f) Δf k2, with deep-water k= (2πf)2/g; paired finite native bins ≤0.50 Hz. Band-limited, dimensionless.
Both series include 270 records. HF spread uses complete paired 0.20–0.50 Hz support; MSS uses common available support.
No added time averaging; native averaging interval unspecified. Bars: ±1 sample SD. Left/right units differ; zero levels coincide.
Right-side statistics: median of 100 × (corrected − original) / original across observations.
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MEM directional reconstruction
Snapshot example · one spectrum at one time
SPOT3 · 26 Aug 2026, 07:40 UTC

A   Directional spectrum

Peak waves: 0.107 Hz High-frequency waves: 0.254 Hz

E(f, θ) = E(f)D(f, θ)

Waves: propagation-to · Radius: D (rad−1), shared scale

Waves: native Spotter, pre-Doppler · Wind: WRF 10 m, track + heading + HF corrected

Wind flow-to (direction only)

B Normalized directional energy distributions

D(f, θ) = E(f, θ)/E(f)   ·   ∫
2π
0 D(f, θ)dθ= 1

125.5°E 126°E
126.5°E 127°E

127.5°E 128°E
128.5°E 129°E

129.5°E 130°E

26°N

26.5°N

27°N

27.5°N

28°N

28.5°N

29°N

a  Near the buoy array

3

2

1

4

10 m s⁻¹

0° · Translation

45°

90°

135°

180°

225°

270°

315°

b  Storm-relative coordinates

200 km
300 km

400 km

3 2 14

25 Aug 00:00 26 Aug 00:00 27 Aug 00:00 28 Aug 00:00
Buoy time (UTC)

0 5 10 15 20 25 30 35 40
Corrected WRF mean vector speed (m s⁻¹)

Saudel · track corrections and buoy encounters
24–28 August 2026  |  Buoy trajectories colored by UTC time

12 h corrected WRF mean · 25 Aug 18:55 UTC ±6 h

Positions: Spotter GPS, no time averaging. Numbers: initial deployment fixes, north to south. Trajectory smoothing σ = 45 min. Inset: full best track; dotted box = map extent.
Storm frame: final v2 corrected center, +x right / +y forward; motion heading clockwise from north, 6 h Gaussian scale; 500 km radius.
Wind: Donelan–YSU WRF 10 m, best-track position/heading + HF rotation/shift; 12 h vector mean centered on nearest observed GPS approach, ≥95% coverage.
Display wind: spatial Gaussian σ = 15 km on mean vector components, then speed; bilinear shading; original missing support retained (stippling). No storm velocity subtraction.
HF ends 27 Aug 15:00 UTC; no extrapolation. Trajectory gaps >3 h are not joined. Dotted original-model tail has limited domain support.

Best track Original model Best-track position + heading Heading + HF rotation / shift
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Doppler corrections: HF spread and mean square slope
SAUDEL  |  270 observations · four buoys pooled · 24–27 Aug 2026 UTC

Corrected − original: HF directional spread and band-limited MSS
HF spread: 0.20–0.50 Hz · MSS: common native bins ≤0.50 Hz Doppler mechanism

Dotted: projection of drift onto k

ωobs =ωintrinsic −k ⋅Ub

Drift along k shifts encounter frequency.
Ub: modeled Stokes + windage
k: wave propagation vector

HF spreading

-1.37°
Median change · n=270

Mean square slope

+0.879 × 10−3
Median change · n=270

Original: uncorrected Spotter MEM. Corrected: full 2-D Doppler; modeled drift = measured-band Stokes + 1.2% corrected WRF windage.
Wind: Donelan–YSU WRF 10 m, model center → best-track position/heading → HF rotation/displacement; sampled at buoy position/time.
MSS = ∑E(f) Δf k2, with deep-water k= (2πf)2/g; paired finite native bins ≤0.50 Hz. Band-limited, dimensionless.
Both series include 270 records. HF spread uses complete paired 0.20–0.50 Hz support; MSS uses common available support.
No added time averaging; native averaging interval unspecified. Bars: ±1 sample SD. Left/right units differ; zero levels coincide.
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Doppler corrections: HF spread and mean square slope
SAUDEL  |  270 observations · four buoys pooled · 24–27 Aug 2026 UTC

Corrected − original: HF directional spread and band-limited MSS
HF spread: 0.20–0.50 Hz · MSS: common native bins ≤0.50 Hz Doppler mechanism

Dotted: projection of drift onto k

ωobs =ωintrinsic −k ⋅Ub

Drift along k shifts encounter frequency.
Ub: modeled Stokes + windage
k: wave propagation vector

HF spreading

-1.37°
Median change · n=270

Mean square slope

+0.879 × 10−3
Median change · n=270

Original: uncorrected Spotter MEM. Corrected: full 2-D Doppler; modeled drift = measured-band Stokes + 1.2% corrected WRF windage.
Wind: Donelan–YSU WRF 10 m, model center → best-track position/heading → HF rotation/displacement; sampled at buoy position/time.
MSS = ∑E(f) Δf k2, with deep-water k= (2πf)2/g; paired finite native bins ≤0.50 Hz. Band-limited, dimensionless.
Both series include 270 records. HF spread uses complete paired 0.20–0.50 Hz support; MSS uses common available support.
No added time averaging; native averaging interval unspecified. Bars: ±1 sample SD. Left/right units differ; zero levels coincide.
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Wave properties follow distinct trajectories through storm passage
SAUDEL  |  SPOT1 · 71 spectra · final heading/HF-corrected Donelan–YSU WRF

Similar instantaneous wind, different wave states: 33.23 → 33.91 m/s over 8 hours

Storm-relative (km)

A   Evolution relative to maximum forcing
Sampled wind maximum: 25 Aug 2026, 16:25 UTC
Dotted vertical guides: paired times · dashed guide: wind maximum

B   Matched observations · eight hours apart

Later − earlier

C   Chronological wind–wave paths

Time (h from tU)

Storm-relative sector: front-left → back-left. Distinct paths do not isolate temporal memory from changing location or wave propagation.

Measured: provider Hₛ, nearest within 30 min (matched E/L times exact). Modeled: fully corrected Donelan–YSU WRF U₁₀. Spectral properties: Spotter MEM + directional Doppler.
Native frequencies; MSS 0.03418–0.50 Hz; HF spread 0.20–0.50 Hz; peak spread at fₚ. Peak–HF offset: band directions over 0.8–1.2 fₚ / 0.20–0.50 Hz. Compass propagation-to.
Analysis values have no added averaging; native interval unspecified. Hysteresis guides use light display smoothing (σ=0.55 h); highlighted observations stay exact; gaps >90 min remain disconnected.

Earlier · 25 Aug 14:25 UTC
Later · 25 Aug 22:25 UTC

Solid: wind rises Dotted: wind falls
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Wave properties follow distinct trajectories through storm passage
SAUDEL  |  SPOT1 · 71 spectra · final heading/HF-corrected Donelan–YSU WRF

Similar instantaneous wind, different wave states: 33.23 → 33.91 m/s over 8 hours

Storm-relative (km)

A   Evolution relative to maximum forcing
Sampled wind maximum: 25 Aug 2026, 16:25 UTC
Dotted vertical guides: paired times · dashed guide: wind maximum

B   Matched observations · eight hours apart

Later − earlier

C   Chronological wind–wave paths

Time (h from tU)

Storm-relative sector: front-left → back-left. Distinct paths do not isolate temporal memory from changing location or wave propagation.

Measured: provider Hₛ, nearest within 30 min (matched E/L times exact). Modeled: fully corrected Donelan–YSU WRF U₁₀. Spectral properties: Spotter MEM + directional Doppler.
Native frequencies; MSS 0.03418–0.50 Hz; HF spread 0.20–0.50 Hz; peak spread at fₚ. Peak–HF offset: band directions over 0.8–1.2 fₚ / 0.20–0.50 Hz. Compass propagation-to.
Analysis values have no added averaging; native interval unspecified. Hysteresis guides use light display smoothing (σ=0.55 h); highlighted observations stay exact; gaps >90 min remain disconnected.

Earlier · 25 Aug 14:25 UTC
Later · 25 Aug 22:25 UTC

Solid: wind rises Dotted: wind falls
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Figure 3  |  Transitional wave states are spectrally heterogeneous
Intermediate winds exhibit enhanced spectral-energy heterogeneity, while strong forcing produces greater
high-frequency organization without eliminating directional separation across the spectrum.
Saudel · Four Spotter buoys · 24–27 August 2026 UTC · Full heading/HF-corrected Donelan–YSU WRF forcing

A  Spectral-energy distributions

Thin: individual spectra · Thick: medians · Envelopes: Q10–Q90 · Dotted verticals: peak references · Black: offset slope guides

B  Frequency-dependent spectral variability
D(f) =Q90[log10E(f)] −Q10[log10E(f)]

C  Between-observation directional ranges

Dotted references: pooled peak modes ≈0.065 and ≈0.107 Hz.
Population split: density minimum at 0.079 Hz.
Colored dotted verticals: category median fp. Guides: f−4 / f−5, offset above tails; not fits. Whiskers: Q10–Q90 · Bars: Q25–Q75 · White dots: medians

ΔQ is the between-observation Q90–Q10 width; points are observations.

Energy screen: complete finite angular/frequency support; band Hm0 ≥0.50 m retains 240/270 spectra (30 excluded). Height cutoff is an existing sensitivity guard, not calibrated SNR.
Waves: Spotter → fresh 5° MEM → full 2-D Doppler correction, measured-band Stokes + 1.2% corrected WRF windage; no added temporal averaging.
Winds: WRF 10 m, model center → best track + heading alignment → HF rotation/displacement; interpolated vectors at each buoy/time. Categories use WRF, not abstract ERA5 thresholds.
C: supported energy-weighted first moments; compass propagation-to directions. Diagnostic counts differ. Ranges are descriptive; repeated records are dependent. Normalization controls supplied.
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Figure 3  |  Transitional wave states are spectrally heterogeneous
Intermediate winds exhibit enhanced spectral-energy heterogeneity, while strong forcing produces greater
high-frequency organization without eliminating directional separation across the spectrum.
Saudel · Four Spotter buoys · 24–27 August 2026 UTC · Full heading/HF-corrected Donelan–YSU WRF forcing

A  Spectral-energy distributions

Thin: individual spectra · Thick: medians · Envelopes: Q10–Q90 · Dotted verticals: peak references · Black: offset slope guides

B  Frequency-dependent spectral variability
D(f) =Q90[log10E(f)] −Q10[log10E(f)]

C  Between-observation directional ranges

Dotted references: pooled peak modes ≈0.065 and ≈0.107 Hz.
Population split: density minimum at 0.079 Hz.
Colored dotted verticals: category median fp. Guides: f−4 / f−5, offset above tails; not fits. Whiskers: Q10–Q90 · Bars: Q25–Q75 · White dots: medians

ΔQ is the between-observation Q90–Q10 width; points are observations.

Energy screen: complete finite angular/frequency support; band Hm0 ≥0.50 m retains 240/270 spectra (30 excluded). Height cutoff is an existing sensitivity guard, not calibrated SNR.
Waves: Spotter → fresh 5° MEM → full 2-D Doppler correction, measured-band Stokes + 1.2% corrected WRF windage; no added temporal averaging.
Winds: WRF 10 m, model center → best track + heading alignment → HF rotation/displacement; interpolated vectors at each buoy/time. Categories use WRF, not abstract ERA5 thresholds.
C: supported energy-weighted first moments; compass propagation-to directions. Diagnostic counts differ. Ranges are descriptive; repeated records are dependent. Normalization controls supplied.
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Figure 3  |  Transitional wave states are spectrally heterogeneous
Intermediate winds exhibit enhanced spectral-energy heterogeneity, while strong forcing produces greater
high-frequency organization without eliminating directional separation across the spectrum.
Saudel · Four Spotter buoys · 24–27 August 2026 UTC · Full heading/HF-corrected Donelan–YSU WRF forcing

A  Spectral-energy distributions

Thin: individual spectra · Thick: medians · Envelopes: Q10–Q90 · Dotted verticals: peak references · Black: offset slope guides

B  Frequency-dependent spectral variability
D(f) =Q90[log10E(f)] −Q10[log10E(f)]

C  Between-observation directional ranges

Dotted references: pooled peak modes ≈0.065 and ≈0.107 Hz.
Population split: density minimum at 0.079 Hz.
Colored dotted verticals: category median fp. Guides: f−4 / f−5, offset above tails; not fits. Whiskers: Q10–Q90 · Bars: Q25–Q75 · White dots: medians

ΔQ is the between-observation Q90–Q10 width; points are observations.

Energy screen: complete finite angular/frequency support; band Hm0 ≥0.50 m retains 240/270 spectra (30 excluded). Height cutoff is an existing sensitivity guard, not calibrated SNR.
Waves: Spotter → fresh 5° MEM → full 2-D Doppler correction, measured-band Stokes + 1.2% corrected WRF windage; no added temporal averaging.
Winds: WRF 10 m, model center → best track + heading alignment → HF rotation/displacement; interpolated vectors at each buoy/time. Categories use WRF, not abstract ERA5 thresholds.
C: supported energy-weighted first moments; compass propagation-to directions. Diagnostic counts differ. Ranges are descriptive; repeated records are dependent. Normalization controls supplied.
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Figure 3  |  Transitional wave states are spectrally heterogeneous
Intermediate winds exhibit enhanced spectral-energy heterogeneity, while strong forcing produces greater
high-frequency organization without eliminating directional separation across the spectrum.
Saudel · Four Spotter buoys · 24–27 August 2026 UTC · Full heading/HF-corrected Donelan–YSU WRF forcing

A  Spectral-energy distributions

Thin: individual spectra · Thick: medians · Envelopes: Q10–Q90 · Dotted verticals: peak references · Black: offset slope guides

B  Frequency-dependent spectral variability
D(f) =Q90[log10E(f)] −Q10[log10E(f)]

C  Between-observation directional ranges

Dotted references: pooled peak modes ≈0.065 and ≈0.107 Hz.
Population split: density minimum at 0.079 Hz.
Colored dotted verticals: category median fp. Guides: f−4 / f−5, offset above tails; not fits. Whiskers: Q10–Q90 · Bars: Q25–Q75 · White dots: medians

ΔQ is the between-observation Q90–Q10 width; points are observations.

Energy screen: complete finite angular/frequency support; band Hm0 ≥0.50 m retains 240/270 spectra (30 excluded). Height cutoff is an existing sensitivity guard, not calibrated SNR.
Waves: Spotter → fresh 5° MEM → full 2-D Doppler correction, measured-band Stokes + 1.2% corrected WRF windage; no added temporal averaging.
Winds: WRF 10 m, model center → best track + heading alignment → HF rotation/displacement; interpolated vectors at each buoy/time. Categories use WRF, not abstract ERA5 thresholds.
C: supported energy-weighted first moments; compass propagation-to directions. Diagnostic counts differ. Ranges are descriptive; repeated records are dependent. Normalization controls supplied.
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A  Spectral-energy distributions

Thin: individual spectra · Thick: medians · Envelopes: Q10–Q90 · Dotted verticals: peak references · Black: offset slope guides

B  Frequency-dependent spectral variability
D(f) =Q90[log10E(f)] −Q10[log10E(f)]

C  Between-observation directional ranges

Dotted references: pooled peak modes ≈0.065 and ≈0.107 Hz.
Population split: density minimum at 0.079 Hz.
Colored dotted verticals: category median fp. Guides: f−4 / f−5, offset above tails; not fits. Whiskers: Q10–Q90 · Bars: Q25–Q75 · White dots: medians

ΔQ is the between-observation Q90–Q10 width; points are observations.

Energy screen: complete finite angular/frequency support; band Hm0 ≥0.50 m retains 240/270 spectra (30 excluded). Height cutoff is an existing sensitivity guard, not calibrated SNR.
Waves: Spotter → fresh 5° MEM → full 2-D Doppler correction, measured-band Stokes + 1.2% corrected WRF windage; no added temporal averaging.
Winds: WRF 10 m, model center → best track + heading alignment → HF rotation/displacement; interpolated vectors at each buoy/time. Categories use WRF, not abstract ERA5 thresholds.
C: supported energy-weighted first moments; compass propagation-to directions. Diagnostic counts differ. Ranges are descriptive; repeated records are dependent. Normalization controls supplied.
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B  Frequency-dependent spectral variability
D(f) =Q90[log10E(f)] −Q10[log10E(f)]

C  Between-observation directional ranges

Dotted references: pooled peak modes ≈0.065 and ≈0.107 Hz.
Population split: density minimum at 0.079 Hz.
Colored dotted verticals: category median fp. Guides: f−4 / f−5, offset above tails; not fits. Whiskers: Q10–Q90 · Bars: Q25–Q75 · White dots: medians

ΔQ is the between-observation Q90–Q10 width; points are observations.

Energy screen: complete finite angular/frequency support; band Hm0 ≥0.50 m retains 240/270 spectra (30 excluded). Height cutoff is an existing sensitivity guard, not calibrated SNR.
Waves: Spotter → fresh 5° MEM → full 2-D Doppler correction, measured-band Stokes + 1.2% corrected WRF windage; no added temporal averaging.
Winds: WRF 10 m, model center → best track + heading alignment → HF rotation/displacement; interpolated vectors at each buoy/time. Categories use WRF, not abstract ERA5 thresholds.
C: supported energy-weighted first moments; compass propagation-to directions. Diagnostic counts differ. Ranges are descriptive; repeated records are dependent. Normalization controls supplied.
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Wave properties follow distinct trajectories through storm passage
SAUDEL  |  SPOT1 · 71 spectra · final heading/HF-corrected Donelan–YSU WRF

Similar instantaneous wind, different wave states: 33.23 → 33.91 m/s over 8 hours

Storm-relative (km)

A   Evolution relative to maximum forcing
Sampled wind maximum: 25 Aug 2026, 16:25 UTC
Dotted vertical guides: paired times · dashed guide: wind maximum

B   Matched observations · eight hours apart

Later − earlier

C   Chronological wind–wave paths

Time (h from tU)

Storm-relative sector: front-left → back-left. Distinct paths do not isolate temporal memory from changing location or wave propagation.

Measured: provider Hₛ, nearest within 30 min (matched E/L times exact). Modeled: fully corrected Donelan–YSU WRF U₁₀. Spectral properties: Spotter MEM + directional Doppler.
Native frequencies; MSS 0.03418–0.50 Hz; HF spread 0.20–0.50 Hz; peak spread at fₚ. Peak–HF offset: band directions over 0.8–1.2 fₚ / 0.20–0.50 Hz. Compass propagation-to.
Analysis values have no added averaging; native interval unspecified. Hysteresis guides use light display smoothing (σ=0.55 h); highlighted observations stay exact; gaps >90 min remain disconnected.
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SAUDEL  |  SPOT1 · 71 spectra · final heading/HF-corrected Donelan–YSU WRF

Similar instantaneous wind, different wave states: 33.23 → 33.91 m/s over 8 hours

Storm-relative (km)

A   Evolution relative to maximum forcing
Sampled wind maximum: 25 Aug 2026, 16:25 UTC
Dotted vertical guides: paired times · dashed guide: wind maximum

B   Matched observations · eight hours apart

Later − earlier

C   Chronological wind–wave paths

Time (h from tU)

Storm-relative sector: front-left → back-left. Distinct paths do not isolate temporal memory from changing location or wave propagation.

Measured: provider Hₛ, nearest within 30 min (matched E/L times exact). Modeled: fully corrected Donelan–YSU WRF U₁₀. Spectral properties: Spotter MEM + directional Doppler.
Native frequencies; MSS 0.03418–0.50 Hz; HF spread 0.20–0.50 Hz; peak spread at fₚ. Peak–HF offset: band directions over 0.8–1.2 fₚ / 0.20–0.50 Hz. Compass propagation-to.
Analysis values have no added averaging; native interval unspecified. Hysteresis guides use light display smoothing (σ=0.55 h); highlighted observations stay exact; gaps >90 min remain disconnected.
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Similar instantaneous wind, different wave states: 33.23 → 33.91 m/s over 8 hours
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Sampled wind maximum: 25 Aug 2026, 16:25 UTC
Dotted vertical guides: paired times · dashed guide: wind maximum

B   Matched observations · eight hours apart
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Storm-relative sector: front-left → back-left. Distinct paths do not isolate temporal memory from changing location or wave propagation.

Measured: provider Hₛ, nearest within 30 min (matched E/L times exact). Modeled: fully corrected Donelan–YSU WRF U₁₀. Spectral properties: Spotter MEM + directional Doppler.
Native frequencies; MSS 0.03418–0.50 Hz; HF spread 0.20–0.50 Hz; peak spread at fₚ. Peak–HF offset: band directions over 0.8–1.2 fₚ / 0.20–0.50 Hz. Compass propagation-to.
Analysis values have no added averaging; native interval unspecified. Hysteresis guides use light display smoothing (σ=0.55 h); highlighted observations stay exact; gaps >90 min remain disconnected.
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