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Abstract: Two SARIMA models were evaluated for fixed-origin monthly discharge forecasting at
Salmon, Idaho. Training began in January 1994 and ended in December 2023 for January—December
2024 forecasts, and in December 2022 for January 2023—December 2024 forecasts, without updating
with target observations. For SARIMA(1,0,0)(1,1,2)12 and SARIMA(1,1,2)(1,1,2)12, respectively, 12-
month RMSE values were 10.709 and 9.501 m?*/s, with NSE values of 0.838 and 0.873; corresponding
24-month values were 13.480 and 17.026 m?/s, and 0.881 and 0.810. Both models outperformed
seasonal naive forecasts, but superiority over monthly climatological means was not uniform. Both
underestimated the June 2023 peak in the 24-month evaluation and overestimated the June 2024 peak
in the 12-month evaluation. Model structures and preprocessing settings were fixed using pre-2023
data, without using final evaluation outcomes for selection.

Keywords: Temporal validation, Seasonal differencing, Residual analysis, Benchmark models,
Prediction uncertainty

Introduction: Monthly discharge forecasting requires models that represent temporal dependence and seasonality
while accommodating differences between low-flow conditions and large monthly peaks. Reproducing a seasonal
cycle does not establish accurate peak magnitudes or consistent performance across forecast origins. Information
criteria, residual diagnostics, and predictive errors therefore address related but distinct aspects of model
performance.

Alonso Brito et al. (2021) compared SARIMA and Holt-Winters models for monthly streamflow forecasting.
Sheikholeslami et al. (2024) reported seasonal representation alongside limitations in forecasting exceptionally
high flows in the Chalous River. Costa et al. (2023) found improved performance when precipitation was
incorporated into SARIMAX. Studies of SARIMA—Prophet and STL-SARIMA also discussed limitations under
high-flow conditions (Kenyi and Yamamoto, 2024; Kang et al., 2025). These findings motivate evaluation across
flow conditions but do not establish transferable model rankings.

This study examines fixed-origin forecasting at the Salmon River station in Idaho. Its purpose is to compare two
reference SARIMA structures, assess whether diagnostic advantages coincide with lower forecasting errors, and
quantify performance against simple benchmarks. The empirical contribution concerns contrasting evaluation
periods and flow conditions, rather than a new forecasting method (Figs. 5 and_6; Tables 10—14).

Methodology: The dataset comprised 372 monthly mean discharge observations from January 1994 to December
2024 at USGS station 13302500. Discharge was transformed as In(Q+1) (Eq. (1)). ADF tests and ACF/PACEF plots
were used to examine the transformed series before and after seasonal-only and combined differencing (Table 3;
Figs. 2 and 3). Models were estimated by maximum likelihood in MATLAB. AIC- and BIC-based rules (Egs. (8)
and (9)) were compared using expanding-window validation at December 2018-2020 origins, with 12- and 24-
month horizons and all targets preceding 2023 (Table 5). Simpler structures were evaluated (Table 6).
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The reference models were SARIMA(1,0,0)(1,1,2)12 and SARIMA(1,1,2)(1,1,2):2, with constants fixed at zero.
Structures and preprocessing settings were fixed using pre-2023 data; full-record diagnostics did not inform
selection or revision. Parameter estimates and residual diagnostics appear in Tables 7 and 9 and Fig. 4.

Training ended in December 2023 for January—December 2024 forecasts and December 2022 for January 2023—
December 2024 forecasts (Table 1). Forecasts used fixed origins without updating with target observations. Point
forecasts were back-transformed without mean bias correction and truncated at zero (Eq. (17)). Pointwise 95%
intervals were transformed from the logarithmic scale, with negative lower bounds set to zero (Egs. (18)+21)).
Performance was assessed against seasonal naive and monthly climatological forecasts using RMSE, MAE,
SMAPE, and NSE (Egs. (12)—(15); Table 10). Training-period quartiles defined flow groups (Table 2); volume
bias accounted for month lengths (Eq. (16); Table 13). Both models were refitted through December 2024 for
2025-2026 forecasts (Fig. 7).

Results and Discussion: ADF results for the log-transformed series depended on the test specification. After
seasonal-only and combined differencing, the unit-root null was rejected under all examined specifications, but
this did not establish the necessity of both operators (Table 3; Figs. 2 and 3). The reference models also differed
in nonseasonal moving-average orders; performance differences cannot therefore be attributed solely to
nonseasonal differencing.

The seasonal-only reference model had the lowest aggregate validation error among the examined candidates in
its group, whereas several simpler structures outperformed the combined-differencing reference model (Table 6).
Adjusted Ljung—Box p-values at maximum lags 12 and 24 were 0.030 and 0.065 for the former and 0.244 and
0.250 for the latter (Table 9). Non-rejection does not prove residual independence; tail departures from normality
remained visible (Fig. 4).

For the seasonal-only and combined-differencing models, respectively, 12-month RMSE values were 10.709 and
9.501 m?/s, with NSE values of 0.838 and 0.873. Over 24 months, RMSE values were 13.480 and 17.026 m?/s,
and NSE values were 0.881 and 0.810. Both models outperformed seasonal naive forecasts across all four metrics.
However, over 24 months, the combined-differencing model had higher RMSE and lower NSE than monthly
climatological forecasts, despite lower MAE and SMAPE (Egs. (12) and (15); Table 10).

Errors in 2023 contributed 83.63% and 91.22% of total squared errors over 24 months, respectively. For identical
2024 observations, both models had lower RMSE from December 2022 than from December 2023. Thus, error
differences cannot be attributed solely to horizon; training samples and fitted parameters also differed (Tables 11
and_12).

Both models underestimated the June 2023 peak over 24 months and overestimated the June 2024 peak over 12
months (Figs. 5 and_6). This distinction between seasonal timing and peak magnitude is consistent with reported
limitations (Sheikholeslami et al., 2024; Kenyi and Yamamoto, 2024; Kang et al., 2025). Over 24 months, the
seasonal-only model performed better in high-flow months and the combined-differencing model in low-flow
months (Table 13). Direct inverse transformation yields a conditional median under Gaussian log-scale forecasts
before nonnegative truncation; its contribution to peak errors was not isolated (Eq. (17)).

All observations fell within the pointwise 95% intervals. Mean widths were 62.893 and 60.726 m?/s over 12 months
and 64.749 and 59.079 m*/s over 24 months (Egs. (18)—(21); Table 14). Complete coverage over short, overlapping
periods does not establish long-term calibration. Forecasts for 2025-2026 remain unverified conditional

projections (Fig. 7).

Conclusion: Neither reference model was uniformly preferable across diagnostics, evaluation periods, and flow
conditions. The combined-differencing model performed better over 12 months, whereas the seasonal-only model
performed better over 24 months. Both exceeded seasonal naive performance, but neither established universal
superiority over simple benchmarks. Peak errors and contrasting low-flow and high-flow results demonstrate why
aggregate metrics should be interpreted alongside relative errors and volume bias. Larger 24-month errors were
associated with the composition of the target period and cannot be attributed solely to forecast horizon. Final
evaluation outcomes were not used to select or revise model structures or preprocessing settings. Further evaluation
across periods and stations is needed to assess robustness. Monthly results do not establish operational reliability
or instantaneous flood-peak forecasting capability.
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Table 1 Training and target periods for temporal validation and final evaluation of monthly streamflow forecasts.

Evaluation Parameter estimation period 12-month target period 24-month target period

Temporal validation: Dec Jan 1994-Dec 2018 Jan-Dec 2019 Jan 2019-Dec 2020
2018 origin

Temporal validation: Dec Jan 1994-Dec 2019 Jan—Dec 2020 Jan 2020-Dec 2021
2019 origin

Temporal validation: Dec Jan 1994-Dec 2020 Jan-Dec 2021 Jan 2021-Dec 2022
2020 origin

Jan 1994-Dec 2023
Jan 1994-Dec 2022

Final evaluation: 12 months
Final evaluation: 24 months

Jan—Dec 2024 —
— Jan 2023—Dec 2024

3 Symmetric mean absolute percentage error (SMAPE)
4 Nash—Sutcliffe efficiency (NSE)

A

! Root mean square error (RMSE)
2 Mean absolute error (MAE)
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Table 2 Training-period discharge percentile thresholds for classifying low- and high-flow months in the two evaluation

scenarios.
. . Training Training observations 25th percentile 75th percentile
Evaluation period period (months) (m3/s) (m3/s)
Jan-Dec 2024 Jan 1994-Dec 360 28.612 51.847
2023
Jan 2023-Dec 2024 3" 12909242‘ Dec 348 28.612 51.997

3 Volume bias (BV)

! Mean relative error (MRE)
2 Mean absolute percentage error (MAPE)
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Fig. 1 Monthly discharge time series of the Salmon River from January 1994 to December 2024.
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Table 3 Augmented Dickey—Fuller test results for the log-transformed series and two differencing schemes under alternative
intercept and augmentation-lag specifications.

Series Specification Augmentation  Regression ADF 5% critical p- Decision
P lags observations statistic value value at 5%
Log-transformed, _ _ Do not
undifferenced AR 0 371 1.1847 1.9415 0.2176 reject Ho
Log-transformed, ARD 0 371 ~8.2682 ~2.8698  0.001* Reject Ho
undifferenced
Log-transformed, ARD 12 359 ~3.5050 ~2.8700  0.0088  Reject Ho
undifferenced
Log-transformed, ARD 24 347 23315 -2.8701 01631  Donot
undifferenced reject Ho
d=0, D=1 AR 0 359 —7.7468 —1.9415 0.001*  Reject Ho
d=0, D=1 ARD 0 359 —7.7427 —2.8700 0.001*  Reject Ho
d=0, D=1 ARD 12 347 —5.6999 —2.8701 0.001*  Reject Ho
d=0, D=1 ARD 24 335 —3.8877 —2.8703 0.0031  Reject Ho
d=1, D=1 AR 0 358 —20.3403 —1.9415 0.001*  Reject Ho
d=1, D=1 ARD 0 358 -20.3118 —2.8700 0.001*  Reject Ho
d=1, D=1 ARD 12 346 —7.5257 —2.8702 0.001*  Reject Ho
d=1, D=1 ARD 24 334 —5.9785 —2.8703 0.001*  Reject Ho
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Fig. 2 (a) Autocorrelation function and (b) partial autocorrelation function of the log-transformed monthly mean discharge
series of the Salmon River before differencing, up to a lag of 40 months. Horizontal lines on either side of zero indicate
approximate 95% reference bounds.

5 G ool ailsog; dilale bwgio (o8 (oo, (5w (S35 (Smradds> a0l (0) 3 (Smaddg> x5 ()Y S
MQLSA Ul’“" ‘) M)d 0 ‘Su).m &P ‘55» a).d..o S 9.) 69_9‘ _]95_'4; ol ¥ MSSLa ‘6,5J4La.:

0.5

e
Ln

L 4

Te. oo

L1ITtee N 9%, oll[?,
STT1Is* ™ *1]] i

$ i

T e

(=]

Autocorrelation

Partial Autocorrelation

® %0 o ? ey ot ?

-
*-—]

L]

0 10 20 30 40 0 10 20 30 40
Lag (Months) Lag (Months)

®) < @1

0.5 05

o] . !

PN I f T 790 S 1 SO
e e

. t T, v, ¢ 1
PYEBESEICIMNCTPY Lo W W i Y VY 5

Partial Autocorrelation
Autocorrelation

0 10 20 30 40 0 10 20 30 40
Lag (Months) Lag (Months)

(O © <

Fig. 3 Autocorrelation and partial autocorrelation functions of the log-transformed series after differencing: (a) ACF and (b)
PACEF for d=0 and D=1; (c) ACF and (d) PACF for d=1 and D=1.
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Table 4 SARIMA structures selected by AIC and BIC within each differencing group at the temporal validation origins.

Differencing Forecast Selection Selected SARIMA Training Training
group origin rule structure AIC BIC
d=0, D=1 Dec 2018 AIC/BIC (1,0,0)(1,1,2)12 —84.628 —66.109
d=0, D=1 Dec 2019 AIC/BIC (1,0,0)(1,1,2)12 —98.156 —79.441
d=0, D=1 Dec 2020 AIC/BIC (1,0,0)(1,1,2)12 —113.252 —94.349
d=1, D=1 Dec 2018 AIC (2,1,2)(1,1,2)12 —84.045 —54.415
d=1, D=1 Dec 2018 BIC (1,1,2)(1,1,2)2 —81.796 —55.870
d=1, D=1 Dec 2019 AIC 2,1,2)(1,1,2)2 —97.457 —67.513
d=1, D=1 Dec 2019 BIC (1,1,2)(1,1,2)12 —94.698 —68.497
d=1, D=1 Dec 2020 AIC (2,1,2)(1,1,2)12 -112.318 —82.072
d=1, D=1 Dec 2020 BIC (1,1,2)(1,1,2)12 —109.713 —83.247
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Table 5 Forecast performance of AIC- and BIC-based selection rules across three temporal validation origins and two forecast

horizons.
Differencing Selection  Mean RMSE, 12 Mean RMSE, 24 Selection Rule decision
group rule months (m?/s) months (m?/s) score (m?/s)
d=0, D=1 AlIC 15.305 19.552 17.428 Tied
d=0, D=1 BIC 15.305 19.552 17.428 Preferred by tie-break
d=1, D=1 AIC 17.881 22.786 20.333 Not preferred
d=1, D=1 BIC 16.078 21.659 18.868 Preferred by lower score
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Table 6 Comparison of the reference models and selected simpler structures in temporal validation at the December 2018,
2019, and 2020 forecast origins.

SARIMA K Mean RMSE, 12 Mean RMSE, 24 Aggregate LB rejections: LB rejections:

structure months (m?*/s) months (m*/s) score (m?/s) lag 12 lag 24
(1,0,0)(1,1,2)12 5 15.305 19.552 17.428 3 0
(1,0,0)(0,1,2)1= 4 16.463 20.883 18.673 3 0
(1,1,2)(1,1,2)12 7 16.078 21.659 18.868 0 0
(0,1,1)(1,1,2)12 5 12.458 16.694 14.576 3 3
(1,1,0)(1,1,2)12 5 12.472 16.707 14.589 3 3
(0,1,00(1,1,2)1 4 12.484 16.714 14.599 3 3
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Table 7 Parameter estimates and standard errors of the two reference SARIMA models fitted to data from January 1994 to

December 2024.
Parameter Estimate: (1,0,0)(1,1,2): Standard error Estimate: (1,1,2)(1,1,2):- Standard error

Constant 0 (fixed) — 0 (fixed) —
AR(1) 0.77307 0.02847 0.52539 0.07822
SAR(12) —0.74089 0.02765 —0.75135 0.02629
MA(1) — — —0.71909 0.09379
MA(2) — — —0.17062 0.07709
SMA(12) —0.04993 0.04389 —0.06141 0.04495
SMA(24) —0.75839 0.03618 —0.76643 0.03701
Innovation variance 0.040616 0.001894 0.040613 0.001910
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Table 8 Information criteria and Ljung—Box test results for the ARIMA structures preferred within each differencing group,
fitted to the full January 1994—December 2024 series.

ARIMA structure Preferred by K AIC BIC Maximum lag df Q statistic p-value
(2,0,2) AIC 5 390.208 409.802 12 8 262.396 <0.001
(2,0,2) AIC 5 390.208 409.802 24 20 507.943 <0.001
(1,0,1) BIC 3 394464 406.221 12 10 310.543 <0.001
(1,0,1) BIC 3 394464 406.221 24 22 601.327 <0.001
(2,1,2) AlICand BIC 5 257.761 277.356 12 8 157.671 <0.001
(2,1,2) AICand BIC 5 257.761 277.356 24 20 310.723 <0.001
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Table 9 Ljung—Box test results with adjusted degrees of freedom for residuals of the two reference models fitted to the full
January 1994-December 2024 series.

SARIMA structure Maximum lag (months) Q statistic Degrees of freedom p-value Decision at 5%
(1,0,0)(1,1,2)12 12 17.028 8 0.030 Reject Ho
(1,0,0)(1,1,2)12 24 30.303 20 0.065 Do not reject Ho
(1,1,2)(1,1,2)12 12 7.915 6 0.244 Do not reject Ho
(1,1,2)(1,1,2)12 24 21.614 18 0.250 Do not reject Ho
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Fig. 4 Comparison of residual diagnostics in the logarithmic scale for models fitted to the full January 1994-December 2024
series. The left column corresponds to SARIMA(1,0,0)(1,1,2):2 and the right column to SARIMA(1,1,2)(1,1,2):2: (a, b)
residual time series; (c, d) partial autocorrelation functions; and (e, f) normal Q—Q plots. Horizontal lines on either side of
zero in panels (c) and (d) indicate approximate 95% reference bounds.
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Fig. 5 Observed discharge, point forecasts, and pointwise 95% prediction interval bounds for the two reference SARIMA
models in 2024. Models were fitted to January 1994—December 2023 data, with forecasts issued from the fixed December
2023 origin.
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Fig. 6 Observed discharge, point forecasts, and pointwise 95% prediction interval bounds for the two reference SARIMA
models in 2023-2024. Models were fitted to January 1994-December 2022 data, with forecasts issued from the fixed
December 2022 origin.
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Table 10 Performance of the two reference SARIMA models, seasonal naive forecasts, and monthly climatological means over
the 12- and 24-month evaluation periods.

Evaluation period Model or method RMSE (m*s) MAE (m%s) SMAPE (%) NSE
12 months: 2024 Seasonal naive 27.220 18.913 33.90 —0.044

12 months: 2024 Monthly climatological mean 17.746 11.602 20.03 0.556

12 months: 2024 SARIMA(1,0,0)(1,1,2)12 10.709 8.045 16.10 0.838

12 months: 2024 SARIMA(1,1,2)(1,1,2)12 9.501 7.209 14.80 0.873

24 months: 2023-2024 Seasonal naive 23.207 13.040 22.32 0.648
24 months: 2023-2024  Monthly climatological mean 16.046 10.736 19.43 0.831
24 months: 2023-2024 SARIMA(1,0,0)(1,1,2)12 13.480 8.230 15.09 0.881
24 months: 2023-2024 SARIMA(1,1,2)(1,1,2):2 17.026 9.734 18.74 0.810
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Table 11 Descriptive statistics of observed discharge for the target periods and the year 2023.

Period N Mean (m®s) Sample SD (m%*s) Minimum (m3s) Maximum (m?3/s)
January—December 2024 12 43.458 27.824 22.046 106.858
January 2023-December 2024 24 48.686 39.928 22.046 164.342
January—December 2023 12 53.915 49.996 22.348 164.342
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Table 12 Performance of the two reference models for 2024 from two forecast origins and for annual subsets of the 24-month

forecast.

SARIMA Target Forecast Forecast RMSE MAE SMAPE NSE

structure year origin steps (m?/s) (m?/s) (%)
(1,0,0)(1,1,2)12 2024 Dec 2023 1-12 10.709 8.045 16.10 0.838
(1,1,2)(1,1,2)12 2024 Dec 2023 1-12 9.501 7.209 14.80 0.873
(1,0,0)(1,1,2)12 2023 Dec 2022 1-12 17.434 10.373 16.85 0.867
(1,1,2)(1,1,2)12 2023 Dec 2022 1-12 22.996 13.850 22.97 0.769
(1,0,0)(1,1,2)12 2024 Dec 2022 13-24 7.713 6.087 13.34 0916
(1,1,2)(1,1,2)12 2024 Dec 2022 13-24 7.136 5.619 14.51 0.928
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Table 13 Error metrics and volume bias of the two reference models for the full evaluation periods and their low- and high-

flow months.

Evaluation period SARIMA Flow RMSE MAE MRE MAPE B,

structure group (m?/s) (m?/s) (%) (%) (%)
12 months: 2024 (1,0,0)(1,1,2)12 All 10.709 8.045 —12.44 17.63 —-12.71

12 months: 2024 (1,1,2)(1,1,2)12 All 9.501 7.209 -9.79 15.93 —9.86
12 months: 2024 (1,0,0)(1,1,2)12 Low 3 6.157 5.921 -24.39 24.39 —24.85
12 months: 2024 (1,1,2)(1,1,2)2 Low 3 5.428 5.164 -21.20 2120 -21.68
12 months: 2024 (1,0,0)(1,1,2).=  High 3 18.386 17.842 -7.63 20.81 -11.79

12 months: 2024 (1,1,2)(1,1,2).= High 3 15.968 15.835 —4.40 19.02 —8.44

24 months: 2023-2024 (1,0,0)(1,1,2)12 All 24 13.480 8.230 -3.46 15.36 2.64
24 months: 2023-2024 (1,1,2)(1,1,2)12 All 24 17.026 9.734 10.78 16.94 16.22
24 months: 2023-2024 (1,0,0)(1,1,2)12 Low 6 4.370 3.965 —16.32 16.32 —16.66
24 months: 2023-2024 (1,1,2)(1,1,2)12 Low 6 1.758 1.691 —2.88 7.15 -3.05

24 months: 2023-2024 (1,0,00(1,1,2).=  High 6 24.809 19.111 6.19 15.83 9.86
24 months: 2023-2024 (1,1,2)(1,1,2).=  High 6 32.400 23.684 19.80 19.80 22.60
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Table 14 Empirical coverage and mean width of pointwise 95% prediction intervals for the two reference models over the final
evaluation periods.

Evaluation SARIMA Nominal Covered Empirical Mean Below Above
eriod structure coverage observations coverage width lower upper
P (%) (%) (m?/s) bound bound
12 months: 1 6 0)(1,1,2).. 95 12/12 100 62.893 0 0
2024
12 months:
2004 (1,1,2)(1,1,2)12 95 12/12 100 60.726 0 0
24 months:
20032024 (1,0,0)(1,1,2)12 95 24/24 100 64.749 0 0
24 months:
2023-2024 (1,1,2)(1,1,2)12 95 24/24 100 59.079 0 0
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Fig. 7 Point forecasts and pointwise 95% prediction interval bounds for the two reference SARIMA models during January
2025-December 2026. Models were fitted to January 1994-December 2024 data, with forecasts issued from the fixed
December 2024 origin.
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5- List of Symbols
NSE Nash—Sutchffe efficiency
coefficient
Order of non-seasonal
p autoregression
Probability value of the statistical
p-value
test
P Order of seasonal autoregression
PACF Partial autocorrelation function
Order of non-seasonal moving
4 average
Q Order of seasonal moving average
Qus Ljung—Box test statistic
RMSE (m® ')  Root mean square error
S (month) Seasonal period
SAR Seasonal autoregressive component
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ACF Autocorrelation function

ADF Augmented Dickey—Fuller test
AIC Akaike information criterion

AR Autoregressive component
ARIMA ;\Vlltr();geg;elis&:;: integrated moving
B Backshift operator

BIC Bayesian information criterion

d Order of non-seasonal differencing
D Order of seasonal differencing
MA Moving average component

MAE (m*s™)  Mean absolute error

N Number of observations



o g U O9olle 430 dilale (0 gl & Pl S
interval on the original scale SARIMA Seasonal autoregressive integrated
Que (m* s Upper bound of the prediction ISnovmg ?verage quel
Ut interval on the original scale SMA c&ilsl())(l)lr?ent fmoving average
Plosw 95% prediction interval SMAPE Symmetric mean absolute
Non-seasonal autoregressive (%) percentage error
¢p(B) : .
polynomial of order p t (month) time
0q(B) Non-seaspnal moving - average Log-transformed discharge value at
polynomial of order q vt time t
Dp(B) (S)Fa:)sr(()ir;ilpautoregresswe polynomial Fitted value or one-step-ahead
S | . 3 forecast at time t on the logarithmic
O(BY) easonal moving average scale
Q polynomial of order Q .
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