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Selective Applicability of Deep Learning Models for Imputation of Missing
Wave Observation Data: Effects of Variable Physical Characteristics
and Missing-Data Patterns
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Abstract : The optimal artificial intelligence model for imputing missing wave observation data may vary
according to the physical characteristics of the target variable and the missingness pattern. This study compared a
temporal model, SAITS, with spatiotemporal models, GRIN, SPIN, and ImputeFormer, using 30-min interval
wave observations from five stations along the southeastern coast of Korea. All models were evaluated under
identical data, data-splitting, sequence, and masking conditions. Performance differences and statistical ties
between model pairs were assessed using window-level paired bootstrap 95% confidence intervals. In an
evaluation in which the final time step at the target station was artificially masked, SAITS yielded the lowest
errors for significant wave height and significant wave period, whereas SPIN achieved the lowest angular error for
wave direction, a circular variable. In the missingness-pattern sensitivity experiments, performance differences
among models were generally small across random missingness rates. In contrast, under contiguous missingness
within a window, GRIN achieved the best performance for both significant wave height and significant wave
period when the missingness rate was at least 20%, exhibiting a pattern distinct from that observed under random
missingness. Notably, under 50% contiguous missingness, GRIN was the only deep learning model that produced
lower errors than linear interpolation for both significant wave height and significant wave period. These findings
indicate that imputation performance may be more sensitive to the temporal continuity of missing values than to
the overall missingness rate. They further suggest that exploiting spatiotemporal dependencies can be effective for
reconstructing consecutive missing segments, particularly when the contiguous missingness rate exceeds 20%.

Keywords : wave observation data, missing data imputation, deep learning, physical characteristics of variables,
missing data pattern
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Fig. 1. Location map of the five wave observation stations along the southeastern coast of Korea (triangles: imputation targets — Imrang
Beach, Songjeong Beach, Hacundae Beach; circles: input-only stations — Ulsan, Geoje).
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Table 1. Performance by variable and model (reference evaluation.
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, pooled over three targets, with the linear-interpolation baseline). Samples

are complete windows/pooled points: significant wave height 123/369, significant wave period 116/348, wave direction 106/318

Variable Performance Metric SAITS GRIN SPIN ImputeFormer Linear Interpolation
Sienificant RMSE (m) 0.088 0.095 0.098 0.103 0.103
Wa%lel Heicht MAE (m) 0.061 0.063 0.066 0.068 0.069
& R’ 0.943 0.934 0.930 0.922 0.923
Sienificant RMSE (s) 0.468 0.520 0.495 0.476 0.542
Wage Periods MAE (s) 0.343 0.388 0.355 0.351 0.397
v R’ 0.892 0.866 0.879 0.888 0.855
Wave Direction Angular Error (°) 36.78 39.25 33.04 35.80 40.05

Table 2. Paired bootstrap 95% confidence intervals of metric differences between model pairs (diff = former minus latter; negative favors the

former)

Variable Model Pair Difference 95% CI Verdict
Significant Wave Height SAITS — GRIN —0.0068 [-0.0172, +0.0039] statistical tie
Significant Wave Periods SAITS — ImputeFormer —0.0081 [-0.0283, +0.0120] statistical tie

Wave Direction SPIN — SAITS -3.74° [-7.70, —0.03] significant difference
Wave Direction ImputeFormer — SAITS —-0.98° [-3.53, +1.59] statistical tie
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Fig. 2. SAITS wave-direction training and validation loss by epoch under the original protocol (seed 42, patience relaxed to 120 for this diag-
nostic re-run; the dotted line marks the epoch that would have triggered early stopping under the original patience = 15 setting).
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Table 3. Performance by missing pattern and missing rate (ALL). RMSE (lower is better) for significant wave height and significant wave
period, angular error (deg) for wave direction. Model order: S (SAITS), G (GRIN), SP (SPIN), IF (ImputeFormer), L (linear inter-
polation). The 1step row uses the same mask as the reference evaluation

. Missing Random Ccontiguous
Variable
Rate Best S-G-SP-IF-L Best S-G-SP-IF-L
SAITS
Istep (~GRIN) 0.088-0.095-0.099-0.103-0.103 — same as left
SAITS GRIN
o 10% (~GRIN, SPIN) 0.080-0.082-0.081-0.086-0.082 (<SAITS) 0.095-0.095-0.103-0.111-0.103
Significant GRIN
Wave 20% (~4 Models) 0.086-0.086-0.088-0.089-0.090 GRIN 0.122-0.108-0.132-0.188-0.122
Height T SAITS
30% 0.085-0.087-0.086-0.087-0.089 GRIN 0.156-0.111-0.146-0.256-0.128
(=4 Models)
50% (Eéll{];li) 0.091-0.092-0.094-0.099-0.093 GRIN 0.224-0.133-0.180-0.321-0.159
Lstep SAITS (=IF) 0.468-0.520-0.495-0.476-0.542 — same as left
SPIN SAITS
10% (x4 Models) 0.472-0.469-0.459-0.462-0.493 (x4 Models) 0.483-0.485-0.502-0.493-0.522
Significant o SAITS . ' ' ) ) . ' )
Wave 20% (=SPIN, IF) 0.442-0.450-0.445-0.443-0.486 GRIN 0.537-0.508-0.573-0.711-0.560
Periods o ImputeFormer ) ) ) ) ) ) ) )
30% (<SAITS, GRIN), 0.451-0.456-0.455-0.449-0.489 GRIN 0.649-0.537-0.607-0.926-0.598
SAITS
50% (~GRIN, SPIN) 0.470-0.472-0.473-0.482-0.501 GRIN 0.986-0.567-0.755-1.143-0.727
Istep SPIN (=IF) 36.8-39.2-33.0-35.8-:40.0 — same as left
10% SPIN 32.4-34.1-30.9-:32.7-36.8 SPIN 36.9-:36.1-33.9-36.3-40.8
ImputeFormer
Wave 20% SPIN 33.8:34.3-32.4:33.6-37.7 (x4 Models) 36.2-36.2:35.9-35.5-41.0
Direction o ) ] ] ) SAITS ) ) ] )
30% SPIN 34.4-34.8-32.4-33.8:36.9 (~GRIN, IF) 34.7-35.2:36.9-35.2:42.3
SAITS
50% SPIN 34.8-:35.0-33.1:34.7-37.9 35.5-35.6:39.4:37.3-42.9

(=GRIN)
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Fig. 3. Model performance versus missing rate with the linear-interpolation baseline (top row (a)~(c): random missing pattern; bottom row
(d)~(f): contiguous missing pattern): (a, d) significant wave height, (b, e) significant wave period, and (c, f) wave direction.

Table 4. Paired bootstrap 95% confidence intervals of metric differences between model pairs under 50% contiguous missingness (diff = for-
mer minus latter; negative favors the former)

Missing

Variable Model Pair

Difference 95% CI Verdict

contiguous 50%
contiguous 50%
contiguous 50%
contiguous 50%

Significant Wave Height GRIN — SAITS
Significant Wave Periods GRIN — SAITS
Wave Direction SAITS — SPIN
Wave Direction SAITS — GRIN

~0.0911 [-0.1054,
~0.4189 [-0.4487,
-3.96° [-6.07,

—0.0768] significant difference
—0.3886] significant difference
-1.95] significant difference

-0.0779 [-0.8195, 0.6804] statistical tie
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Table 5. Favorable models and supporting statistical evidence by variable physical characteristics and missing-data condition

. Physical Missingness Appropriate I
Variable Properties Condition Model Justification
Final time step- SAITS Under the baseline evaluation, the RMSE was 0.088, showing
L. Random (=GRIN) a statistical tie with GRIN (0.095) (Tables 1 and 2)
Significant Scalar o . ..
Wave Height quantity Contiguous Under 50% consecutive missingness, the RMSE was 0.133,
GRIN showing a statistically significant difference from SAITS (0.224)
20% or more
(Tables 3 and 4)
Final time step- SAITS Under the baseline evaluation, the RMSE was 0.468, showing
.. Random (=IlmputeFormer) a statistical tie with ImputeFormer (0.476) (Tables 1 and 2)
Significant Scalar o . ..
Wave Periods quantity Contiguous Under 50% consecutive missingness, the RMSE was 0.567,
GRIN showing a statistically significant difference from SAITS (0.986)
20% or more
(Tables 3 and 4)
. . ) The angular error was 33.0°, showing a statistically significant
o Final time step SPIN difference from SAITS (36.8°) and a statistical tic with
Wave Directional Random (*ImputeFormer) o
Direction uanti ImputeFormer (35.8") (Tables 1 and 2)
d vy Contiguous SAITS Under 50% consecutive missingness, the angular error was
20% or more (=GRIN) 35.5°, showing a statistical tie with GRIN (35.6°) (Table 3)
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Table Al. Paired bootstrap 95% confidence intervals for model differences in significant wave height across missingness patterns

Missing Rate Model A Model B Random Contiguous
Istep SAITS GRIN statistical tie statistical tie
Istep SAITS SPIN model A better model A better
1step SAITS Imputeformer model A better model A better
Istep GRIN SPIN statistical tie statistical tie
Istep GRIN Imputeformer statistical tie statistical tie
Istep SPIN Imputeformer statistical tie statistical tie

10 SAITS GRIN statistical tie statistical tie
10 SAITS SPIN statistical tie model A better
10 SAITS Imputeformer model A better model A better
10 GRIN SPIN statistical tie model A better
10 GRIN Imputeformer statistical tie model A better
10 SPIN Imputeformer model A better model A better
20 SAITS GRIN statistical tie model B better

20 SAITS SPIN statistical tie statistical tie
Significant 20 SAITS Imputeformer model A better model A better
Wave Height 20 GRIN SPIN statistical tie model A better
20 GRIN Imputeformer statistical tie model A better
20 SPIN Imputeformer statistical tie model A better
30 SAITS GRIN statistical tie model B better

30 SAITS SPIN statistical tie statistical tie
30 SAITS Imputeformer statistical tie model A better
30 GRIN SPIN statistical tie model A better
30 GRIN Imputeformer statistical tie model A better
30 SPIN Imputeformer statistical tie model A better
50 SAITS GRIN statistical tie model B better
50 SAITS SPIN model A better model B better
50 SAITS Imputeformer model A better model A better
50 GRIN SPIN statistical tie model A better
50 GRIN Imputeformer model A better model A better
50 SPIN Imputeformer model A better model A better
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Table A2. Paired bootstrap 95% confidence intervals for model differences in significant wave period across missingness patterns

Missing Rate Model A Model B Random Contiguous
Istep SAITS GRIN model A better model A better
Istep SAITS SPIN model A better model A better
Istep SAITS Imputeformer statistical tie statistical tie
1step GRIN SPIN statistical tie statistical tie
1step GRIN Imputeformer model B better model B better
Istep SPIN Imputeformer statistical tie statistical tie

10 SAITS GRIN statistical tie statistical tie
10 SAITS SPIN statistical tie statistical tie
10 SAITS Imputeformer statistical tie statistical tie
10 GRIN SPIN statistical tie statistical tie
10 GRIN Imputeformer statistical tie statistical tie
10 SPIN Imputeformer statistical tie statistical tie
20 SAITS GRIN model A better model B better
20 SAITS SPIN statistical tie model A better
Significant 20 SAITS Imputeformer statistical tie model A better
Wave Periods 20 GRIN SPIN statistical tie model A better
20 GRIN Imputeformer statistical tie model A better
20 SPIN Imputeformer statistical tie model A better
30 SAITS GRIN statistical tie model B better
30 SAITS SPIN statistical tie model B better
30 SAITS Imputeformer statistical tie model A better
30 GRIN SPIN statistical tie model A better
30 GRIN Imputeformer statistical tie model A better
30 SPIN Imputeformer model B better model A better
50 SAITS GRIN statistical tie model B better
50 SAITS SPIN statistical tie model B better
50 SAITS Imputeformer model A better model A better
50 GRIN SPIN statistical tie model A better
50 GRIN Imputeformer model A better model A better
50 SPIN Imputeformer model A better model A better
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Table A3. Paired bootstrap 95% confidence intervals for model differences in wave direction across missingness patterns

Missing Rate Model A Model B Random Contiguous
Istep SAITS GRIN statistical tie statistical tie
Istep SAITS SPIN model B better model B better
Istep SAITS Imputeformer statistical tie statistical tie
Istep GRIN SPIN model B better model B better
1step GRIN Imputeformer statistical tie statistical tie
Istep SPIN Imputeformer statistical tie statistical tie

10 SAITS GRIN model A better statistical tie
10 SAITS SPIN model B better model B better
10 SAITS Imputeformer statistical tie statistical tie
10 GRIN SPIN model B better model B better
10 GRIN Imputeformer statistical tie statistical tie
10 SPIN Imputeformer model A better model A better
20 SAITS GRIN statistical tie statistical tie
20 SAITS SPIN model B better statistical tie
Wave 20 SAITS Imputeformer statistical tie statistical tie
Direction 20 GRIN SPIN model B better statistical tie
20 GRIN Imputeformer statistical tie statistical tie
20 SPIN Imputeformer model A better statistical tie
30 SAITS GRIN statistical tie statistical tie
30 SAITS SPIN model B better model A better
30 SAITS Imputeformer model B better statistical tie
30 GRIN SPIN model B better statistical tie
30 GRIN Imputeformer model B better statistical tie
30 SPIN Imputeformer model A better model B better
50 SAITS GRIN statistical tie statistical tie
50 SAITS SPIN model B better model A better
50 SAITS Imputeformer statistical tie model A better
50 GRIN SPIN model B better model A better
50 GRIN Imputeformer statistical tie model A better
50 SPIN Imputeformer model A better model B better
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Significant wave height at Songjeong Beach — observed vs. reconstructed under random / contiguous missingness

—— Observed —@— SAITS

—4— GRIN

—&— SPIN

~4— ImputeFormer Missing segment (masked)

Full test-set record at Songjeong Beach — shaded band = example window shown below (2026-04-04)
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Fig. B1. Comparison of observed and reconstructed significant wave height at Songjeong Beach under random and contiguous missingness

conditions.
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Significant wave height at Imrang Beach — observed vs. reconstructed under random / contiguous missingness
—— Observed —®— SAITS —&— GRIN ~4— ImputeFormer Missing segment (masked)
a5 Full test-set record at Imrang Beach — shaded band = example window shown below (2026-04-04)
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Fig. B2. Comparison of observed and reconstructed significant wave height at Imrang Beach under random and contiguous missingness con-

ditions.
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Significant wave height at Haeundae Beach — observed vs. reconstructed under random / contiguous missingness
— Observed —e— SAITS —4— GRIN - SPIN ~—4— ImputeFormer Missing segment (masked)

Full test-set record at Haeundae Beach — shaded band = example window shown below (2026-04-04)
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Fig. B3. Comparison of observed and reconstructed significant wave height at Haeundae Beach under random and contiguous missingness
conditions.
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Significant wave period at Songjeong Beach — observed vs. reconstructed under random / contiguous missingness
—— Observed —@— SAITS —&— GRIN - SPIN —4— ImputeFormer Missing segment (masked)

Full test-set record at Songjeong Beach — shaded band = example window shown below (2026-04-04)
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Fig. B4. Comparison of observed and reconstructed significant wave periods at Songjeong Beach under random and contiguous missingness
conditions.
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Significant wave period at Imrang Beach — observed vs. reconstructed under random / contiguous missingness

—— Observed —@— SAITS

—4&— GRIN

—4— ImputeFormer Missing segment (masked)

Full test-set record at Imrang Beach — shaded band = example window shown below (2026-04-04)
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Fig. BS. Comparison of observed and reconstructed significant wave periods at Imrang Beach under random and contiguous missingness con-

ditions.
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Significant wave period at Haeundae Beach — observed vs. reconstructed under random / contiguous missingness
= Observed —@— SAITS —4&— GRIN —#— SPIN —4— ImputeFormer Missing segment (masked)

Full test-set record at Haeundae Beach — shaded band = example window shown below (2026-04-04)
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Fig. B6. Comparison of observed and reconstructed significant wave periods at Haeundae Beach under random and contiguous missingness
conditions.
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Wave direction at Songjeong Beach — observed vs. reconstructed under random / contiguous missingness

—— Observed —@— SAITS —4&— GRIN - SPIN

—4— ImputeFormer Missing segment (masked)

Full test-set record at Songjeong Beach — shaded band = example window shown below (2026-04-17)
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Fig. B7. Comparison of observed and reconstructed wave direction at Songjeong Beach under random and contiguous missingness condi-

tions.
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Wave direction at Imrang Beach — observed vs. reconstructed under random / contiguous missingness

—— Observed —@— SAITS

—4&— GRIN

~4— ImputeFormer

Missing segment (masked)

Full test-set record at Imrang Beach — shaded band = example window shown below (2026-03-31)
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Fig. B8. Comparison of observed and reconstructed wave direction at Imrang Beach under random and contiguous missingness conditions.
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Wave direction at Haeundae Beach — observed vs. reconstructed under random / contiguous missingness
—— Observed ~—@— SAITS —4&— GRIN -8 SPIN —4— ImputeFormer Missing segment (masked)

Full test-set record at Haeundae Beach — shaded band = example window shown below (2026-01-21)
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Fig. B9. Comparison of observed and reconstructed wave direction at Haeundae Beach under random and contiguous missingness conditions.



