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Abstract — This study quantitatively evaluates the performance of multivariate imputation techniques to enhance
the usability of data from the marine environmental monitoring network. Two representative multivariate imputa-
tion algorithms, Amelia and MICE, were applied to major marine environmental variables, including water tem-
perature, salinity, and nutrients. To assess imputation performance, artificial missing rates of 10%, 20%, and 50%
were imposed on the original observations, and the accuracy of the imputed values was evaluated using the mean
absolute percentage error (MAPE, %) between observed and imputed data. The results indicate that when the miss-
ing rate was 20% or lower, both methods exhibited stable performance for most variables, with MAPE values gen-
erally remaining below approximately 5.0%. For example, for WT s at a 10% missing rate, MAPE values were
2.0% for Amelia and 1.7% for MICE. In contrast, at a 50% missing rate, performance degradation became pro-
nounced depending on variable characteristics; for COD_s, MAPE increased to 38.0% for Amelia and 35.6% for
MICE, corresponding to an error increase of approximately five- to sixfold. Comparisons of kernel density esti-
mates between the imputed and original datasets further showed that MICE more effectively reproduced the origi-
nal distributions for most variables, whereas Amelia tended to overestimate variance for certain nutrient-related
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variables. These findings demonstrate that Amelia and MICE possess complementary strengths and limitations in
handling missing data in marine environmental observations. In particular, the results confirm that multivariate
imputation techniques can be reliably applied under intermittent or low-level missingness (<20%). Future research
should develop more advanced imputation models that explicitly account for seasonality and autocorrelation struc-

tures inherent in marine time-series data.

Keywords: Marine environmental monitoring data(3l| %374 =), Missing data imputation(Zd S T X)),
Multiple imputation(ths 25 thA]), Amelia(Amelia), MICE(MICE)
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As 25 F TR ARSSH, Ao ek oS mEe] vt A
T, 85 OF, oS BN T 58 EAIE AEStH(Lepot
et al.[2017]). =3t BA&sH| 7158 A3k M4(DO, pH,
7eA 5) & FEskE Ao, URAE F8ll Aleis dds
R 3 Foflof T o] 7Fs3ltt. o 5°] SPOTS(Synthesis
Product for Ocean Time Series) TZ A E= Tlokst AJAYE X2 7
Ao AnE TYE TR ST RN F40 e Sist
I thH(Lange et al.[2024]).

A58 A58 diRx|eke WS AFA 0= Fgk g A3
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gtk et olef et v oA 71 WS 3 S ek
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A= =] (Multiple Imputation) 7|5 0] 3] AREE| 31 91O,

53] Amelia®} MICE(Multivariate Imputation by Chained Equations)
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Zhang et al.[2021]).
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Table 1. Summary statistics of the KOEM data variables
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Unit Min. Ist Qu. Median Mean SD 3rd Qu. Max. NA's

WT s ] 212 12.03 16.17 16.30 6.81 2123 33.10 11782
WT b C 2.16 10.47 15.00 14.72 6.36 18.23 33.36 11785
SAL s bsU 0.05 31.06 32.34 31.65 327 33.50 35.58 11781
SAL b 0.05 31.51 32.89 32.36 230 33.85 90.95 11785
pH s 6.12 8.03 8.14 812 0.18 822 9.83 11783
pH_ b - 6.06 8.00 8.10 8.09 0.18 8.19 9.98 11787
DO s 0.93 7.64 8.49 8.67 176 9.58 68.10 11781
DO b 0.00 7.10 8.15 8.20 1.94 9.25 66.02 11785
COD s mg/L 0.00 0.87 128 1.44 0.86 1.82 18.10 11781
COD b 0.00 0.83 125 139 0.79 1.80 8.98 11787
NH4 s 20.10 559 14.10 36.99 92.44 37.46 8087.00 11782
NH4 b -0.05 6.52 15.42 34.90 64.92 37.23 2590.00 11787
NO2_ s -0.12 1.70 422 8.20 1278 9.30 328.93 11781
NO2_ b 0.00 220 479 8.11 11.90 9.16 442.00 11785
NO3_s 0.00 14.00 57.39 10717 174.42 124.00 3859.00 11781
NO3_b 0.00 2228 67.13 97.51 125.05 127.00 3464.00 11786
DIN s 0.18 32.79 89.29 15241 229.02 174.01 8805.00 11781
DIN b 0.00 4833 101.07 14052 163.18 174.00 3813.00 11785
TN s ne/L 14.00 174.73 258.70 352,12 303.04 413.20 4873.00 16379
TN_b 3.86 186.03 261.12 32956 244.57 384.91 4385.46 16382
DIP s -0.03 436 11.00 14.81 16.84 19.86 700.00 11782
DIP b 0.22 7.00 13.64 17.12 17.36 2233 933.41 11786
TP s 0.00 18.39 26.98 33.38 27.19 40.15 1182.08 16379
TP b 0.00 20.77 29.26 36.23 34.86 42.56 2512.00 16382
Si02 s 0.00 122.00 258.79 32708 352.53 41171 7908.01 18319
Si02 b 0.00 173.91 303.02 35551 300.96 458.67 5138.84 18322
SS s 0.00 430 7.60 12.79 1921 13.90 623.50 11783
SS b mg/L 0.00 5.00 8.90 15.70 26.44 16.80 1027.00 20029
CHLa_s 0.00 0.90 1.80 3.41 5.66 3.76 208.00 14031
CHLa b ng/L 0.00 0.82 1.61 2.85 412 3.36 182.44 20039
SD m 0.00 1.60 3.00 415 3.50 6.00 47.00 12018
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Fig. 1. Multivariate correlation analysis of raw data.
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Fig. 2. Temporal variation of missing rates.
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Fig. 3. Scatter plots of imputed versus observed values by imputation method at different missing rates (x—y axes scaled to 0-1).
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Table 2. Result of MAPE estimation (unit: %)

10% MR 20% MR 50% MR
variable MAPE Amelia ~ MAPE MICE ~ MAPE Amelia ~ MAPE MICE MAPE_Amelia ~ MAPE_MICE

WT s 2.0 1.7 48 4.1 18.2 17.5

WT b 23 1.9 5.3 47 18.6 18.0

SAL s 1.3 1.1 24 2.0 8.6 8.0

SAL b 0.4 0.3 0.8 0.6 47 48

pH s 0.1 0.1 0.3 0.3 0.9 0.8

pH b 0.1 0.1 0.3 0.2 0.9 0.8

DO s 1.1 1.0 2.3 22 72 6.8

DO b 12 12 2.6 2.5 8.1 8.1

COD s 6.7 5.8 14.7 11.9 38.0 35.6

COD b 6.4 5.9 142 12.2 40.7 35.9

NH4 s 4.5 43 9.9 9.2 37.7 37.5

NH4 b 4.5 43 9.6 9.1 36.8 33.6

NO2_s 6.0 48 13.1 11.6 39.0 37.8

NO2_b 4.4 4.4 9.7 9.8 30.4 29.1

NO3 s 2.7 2.7 5.4 5.4 21.0 22.1

NO3 b 2.0 1.8 4.6 47 16.4 18.1

DIN s 0.8 0.8 1.9 1.8 7.4 8.0

DIN b 0.7 0.7 1.7 1.6 6.4 6.6

DIP s 73 7.7 14.7 18.0 41.1 434

DIP b 2.9 3.0 9.5 10.1 30.7 31.0

W5 Fo] Algkzlo]gict, 3.2 AR

HhH, COD, NH4, NO2, DIPS} 22 449 2 /7% A 32l A giRo] wE AT Zfo| A v 2ol UrE}”

A HEsHA =& MAPEZE & E QI 53] COD_s] 73  ThFig. 4). “W A A5 A s WA 245 1 H
10% MRoIA Amelia 6.7%, MICE 5.8%% 24, 50% MRo|A = Aol thid 1o ZAISH oko] Aa-s Yehlgltt. 4 %E%ﬂ t&#
ZY7} 38.0%, 35.6% % A 5713l Bk NH4 s2} NO2 s 04%] (NH,, TN, TP, SiO, 5)E AfelollM= 19 FF oA glg
50% MROIA 5 WP 5% 30% ol4te] 5 9415 Hol A2E Q5 9] ARS FasH) VERQITE B 544 Hges
Z7bell w9 Wizket S4& JEFHTE DIP s9] A9 MICEZF  723}¢] 2t S0 ks UERiom o] Mpela ¢ W

Amelia® T} AT 0 2 g A9l eES B3P o, 50% MROIA
Amelia= 41.1%, MICE= 43.4%% Thh x[o]E2 Bl o), AukA
07 F dglF BT w2 QA5 Hols Wl &8 Hlos
LERstTE.
pH 2 DO%} 722 718 47 W=
HAE BIJTh pH_ st BE AEE 1AM 0.1-0.3%
¢ vk MAPEE 431311, DO W= 53t 10% MR 715 1.1-
1.2%, 50% MR 715 7.2-8.1%= W4 QP41 Ad5-s Rl
HH2 © 2 MICEE Amelia®} B lo] tf3-0] Wamoll 555
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L= 21 0% UFERTH(Table 3). 3¢ RMSEE 37Fs17] 915t
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Table 3. RMSE results based on density distribution functions
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SAL 0.0281 0.011 38.8
DO 0.0106 0.0045 42.5
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DIP 0.032 0.04 125.0

TP 0.1067 0.01 93.3
Si02 0.0739 0.0223 30.2
SS 0.0376 0.0152 40.4
CHLa 0.0657 0.0134 20.4
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Appendix. A

1) Amelia (Honaker et al., 2011)
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Fig. 9. A schematic diagram of multiple imputation with the EMB
Algorithm (Honaker et al., 2011).
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Fig. 10. Key steps of multiple imputation (Bauuren and Groothuis-
Oudshoorn, 2011).
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