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Abstract
Background and Obijectives: Rainfall simulations from global climate models participating in the Coupled Model
Intercomparison Project Phase 6 (CMIP6) are widely used to investigate climate change and assess its potential
impacts at regional and local scales. However, model-simulated rainfall often exhibits systematic differences from
observations and therefore requires bias correction before application in climate-impact analyses. Quantile Delta
Mapping (QDM) is one of the widely used methods for correcting such biases. Nevertheless, evaluating a bias-
correction method over the same period used to estimate the correction relationship primarily reflects calibration-
period performance and provides limited evidence of how the correction performs when applied to an independent
period. Moreover, improved distributional agreement does not necessarily imply improved temporal
correspondence between simulated and observed rainfall. This study therefore evaluated QDM for bias correction
of CMIP6 daily rainfall using an independent temporal validation period. Performance was assessed separately in
terms of systematic bias, distributional agreement, time-paired error, and temporal correspondence. The study also
compared annual-pooled fitting and calendar-month fitting to determine whether the fitting strategy affected

performance.
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Methodology: Daily rainfall observations from 12 stations in Prachuap Khiri Khan Province, Thailand, were analysed
together with historical simulations from five CMIP6 models for 1981-2014. The period 1981-2000 was used to
estimate the QDM calibration parameters, whereas 2001-2014 was reserved as an independent validation period.
Observations from the validation period were not used for recalibration, allowing the correction to be evaluated
outside the period used to derive its parameters. Two fitting strategies were compared: annual-pooled fitting, which
estimated a single correction relationship using data pooled across the year, and calendar-month fitting, which
estimated separate correction relationships for each month. The corrected rainfall series were evaluated using
complementary metrics assessing error magnitude, distributional agreement, and temporal correspondence.
Distributional agreement was assessed using the Kolmogorov-Smirnov statistic and the Perkins skill score. Time-
paired performance was assessed using monthly root mean squared error (RMSE), and changes in RMSE were
further examined by decomposing mean squared error into components associated with the annual cycle, seasonal
anomalies, and temporal correspondence.

Main Results: Both fitting approaches improved the distributional agreement of CMIP6-simulated rainfall during the
independent validation period, with comparable overall performance. The Kolmogorov—-Smirnov statistic decreased
from 0.201 before correction to 0.102 after calendar-month fitting and 0.105 after annual-pooled fitting. The Perkins
skill score increased from 0.776 to 0.861 with calendar-month fitting and 0.859 with annual-pooled fitting. However,
their effects on time-paired error differed markedly. Calendar-month fitting reduced monthly RMSE from 116.2 to
109.3 mm month_ﬂ, with significant improvement in 14 of the 60 station-model combinations. In contrast, annual-
pooled fitting increased monthly RMSE to 124.7 mm month , with significant deterioration in 31 of the 60 station—
model combinations. Decomposition of mean squared error showed that approximately 95% of the difference in
RMSE change between the two fitting approaches was attributable to their effects on the annual-cycle component.
Neither approach materially improved the seasonal-anomaly component or the correlation of monthly anomalies.
Thus, the lower RMSE obtained with calendar-month fitting primarily reflected closer agreement between the
corrected and observed seasonal cycles rather than improved temporal correspondence in rainfall variability.
Conclusions: When evaluated over an independent period not used to estimate the QDM correction relationship,
QDM improved selected distributional properties of CMIP6-simulated daily rainfall. In this dataset, calendar-month
fitting additionally improved the representation of the observed seasonal cycle and yielded lower monthly RMSE
than annual-pooled fitting. However, the correction did not materially improve the measures of temporal
correspondence evaluated in this study. Therefore, reductions in RMSE should be interpreted in relation to the

underlying components of error rather than regarded as direct evidence of improved temporal correspondence.
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The findings indicate that bias-correction performance should be evaluated across multiple dimensions, including
distributional agreement, seasonal-cycle representation, time-paired error, and temporal correspondence.
Performance metrics should therefore be selected according to the intended application and the properties that the
corrected rainfall data need to represent.

Keywords: bias correction; Quantile Delta Mapping; CMIP6; independent temporal holdout; daily rainfall
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Figure 1 The study area in Prachuap Khiri Khan Province
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Table 1 Characteristics of the 12 rain-gauge stations and their daily rainfall records, 1981-2014

Station

500001

500002

500003

500004

500005

500006

500007

500008

500009

500201

500202

500301

Lat. (°N)

12.37
11.18
12.02
11.47
11.60
11.62
11.90
12.53
12.22
11.83
12.59

12.58

Long. (°E)

99.95

99.55

99.90

99.65

99.68

99.67

99.78

99.55

99.87

99.83

99.96

99.73

Elev. (m)

9.1

n/a

n/a

n/a

5.0

23.0

130.3

14.4

n/a

n/a

101.8

Missing (%)

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Mean annual

rainfall (mm)

984

1,376

1,100

1,106

1,147

1,203

1,134

1,206

1,177

1,108

944

1,065

SDII

(mm day”)

12.0

6.5

6.2

5.1

5.2

121

1.8

11.4

Max. daily rainfall  Lag-1 ACF

(mm day'w)

170.0

155.0

181.3

152.0

143.5

2011

176.6

68.0

54.2

296.9

298.5

226.0

0.21

0.22

0.19

0.21

0.41

0.35

0.35

0.66

0.63

0.25

0.26

0.25

Note : Mean annual rainfall is the 1981-2014 average. Elevation reported as n/a was encoded as NoData in the

source station inventory and was not imputed

Table 2 CMIP6 models used in this study and their daily-record characteristics over 1981-2014

Model

ACCESS-ESM1-5

CESM2

CanESM5

EC-Earth3

MIROC6

Institution

CSIRO, Australia

NCAR, USA

CCCma, Canada

EC-Earth Consortium,

Europe

Resolution

1.875° x 1.256°

1.256° x0.9°

2.8°%28°

1.125° x 1.125°

University of Tokyo, NIES

and JAMSTEC, Japan

1.4° x 1.4°

Calendar

standard
365-day
365-day

standard

standard

Days

12,418
12,410
12,410

12,418

12,418

Unique grid-

cell series

2

Reference

Ziehn et al. (2020)

Danabasoglu et al. (2020)

Swart et al. (2019)

Doscher et al. (2022)

Tatebe et al. (2019)

Note: Observations comprise 12,418 days; 12,410 days are common to all five models
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Calibration 1981-2000 Independent validation 2001-2014
Observed rainfall CMIP6 historical simulations
CMIP6 historical simulations observations withheld
l held ‘

Fixed calibration components fixed Apply with target-period CDF
observed and model quantile — percentile from the model-only
functions; wet-day threshold 2001-2014 distribution

\ /

Raw versus corrected simulations
annual-pooled and calendar-month grouping

v

Performance assessment
four metric groups - year-block bootstrap

Observations from 2001-2014 are never used to estimate, update or re-fit any component.

Figure 2 Calibration and independent validation framework
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Figure 3 Observed rainfall characteristics during the calibration (1981-2000) and independent validation
(2001-2014) periods: (a) monthly climatology of regional-mean rainfall, (b) regional-mean annual

rainfall, and (c) wet-day frequency of each station in the two periods
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Table 3 uansinn sLlfuudan QDM WldiRuAauaanadessasninildsuulasmunanlunnida uad
ﬁmLwﬁ@ﬂLﬁmﬁuaqﬂ’ﬂiznaum@q'j”gqvﬂiq@ﬂm Tnel calendar-month fitting LfisiAn climatological 7" 41N 0.643 ilu
0.884 uazLlLinl3e@uilu 59 410 60 4 204zl annual-pooled fitting anasLANTiatAe 0.629 waxATURE 28 ¢ nalu
fianaaiRaaruianglu monthly Tdufinann 0.342 1l 0.430 A5 calendar-month fitting UAAAAYLYED 0.328
#1131 annual-pooled fitting
Table 3 Validation performance over the independent holdout period (2001-2014) for the two temporal-grouping

configurations of QDM, across the 60 evaluation combinations

Group Metric Raw Annual-pooled n Calendar-month n
Bias PBIAS (%) +9.45 -0.09 36/60 -0.08 37/60
Distribution SDII relative bias (%) -25.70 +8.49 36/60 +9.80 36/60
Kolmogorov-Smirnov D 0.201 0.105 50/60 0.102 52/60
Perkins skill score 0.776 0.859 51/60 0.861 51/60
dogs relative bias (%) -18.93 +7.08 38/60 +6.82 38/60
dgg relative bias (%) -29.25 -11.29 44/60 -4.06 43/60
Rx1day relative bias (%) -19.93 -4.72 45/60 +1.46 43/60
Error RMSE (mm month™) 116.20 124.74 22/60 109.33 38/60
MAE (mm month™) 78.15 81.07 25/60 69.98 38/60
NSE -0.711 -0.974 22/60 -0.513 38/60
KGE 0.229 0.203 25/60 0.333 42/60
Timing Monthly r 0.342 0.328 21/60 0.430 48/60
Climatological r 0.643 0.629 28/60 0.884 59/60
Monthly anomaly r 0.011 0.011 32/60 0.003 23/60
Annual r 0.025 0.038 37/60 -0.028 23/60
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Table 4 Paired raw-to-QDM changes during the independent holdout period

Config. Metric A Lower CL Upper CL Better Worse No diff.
Annual- pooled Monthly RMSE (mm mo™) +8.71 +3.35 +17.17 18 (19) 31(32) 11(9)
Monthly [PBIAS| (%) -7.82 -19.08 +9.91 5(10) 0(3) 55 (47)
Calendar- month  Monthly RMSE (mm mo™) -6.08 -25.26 +9.66 14 (23) 1(3) 45 (34)
Monthly [PBIAS| (%) -6.34 -20.14 +10.54 5(9) 0(1) 55 (50)

Note: Derived from a 2,000-replicate year-block bootstrap. Counts are shown using Benjamini-Yekutieli; A is the median across the

60 evaluation combinations
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Figure 4 Raw versus QDM-corrected performance over the independent validation period (2001-2014) for the 60
evaluation combinations. Panels (a)-(c) show systematic bias and distributional fidelity; panels (d)-(f)
show error-based performance. Points below the 1:1 line in (a)-(d) and above it in (e)-(f) indicate

improvement, and the shaded regions mark the improving side
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Figure 7 Monthly RMSE of the five individual models (boxes) and of the unweighted multi-model ensemble
(diamonds) at each station over the independent validation period. Both panels share the same
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Table 5 Performance of the individual models and of the unweighted multi-model ensemble over the independent

holdout period, averaged across the 12 stations, for the raw simulations and for both temporal-grouping

configurations
QDM fit Model RMSE MAE PBIAS (%) r NSE KGE
(mm mo™) (mmmo™)
Raw ACCESS-ESM1-5 129.6 85.1 +18.75 0.307 -1.105 0.151
CESM2 128.3 84.4 +19.96 0.344 -1.055 0.171
CanESM5 107.5 75.2 -0.87 0.329 -0.444 0.288
EC-Earth3 92.3 62.2 -15.93 0.444 -0.053 0.347
MIROC6 123.3 83.9 +25.33 0.287 -0.896 0.188
Unweighted MME 91.7 64.9 +9.45 0.440 -0.038 0.402
Annual- pooled ACCESS-ESM1-5 147.9 92.9 +20.49 0.314 -1.756 0.033
CESM2 132.8 83.2 +8.58 0.322 -1.195 0.174
CanESM5 106.4 72.7 27.33 0.324 -0.394 0.254
EC-Earth3 106.2 72.0 -2.87 0.422 -0.391 0.384
MIROC6 130.5 84.6 +0.70 0.260 -1.132 0.171
Unweighted MME 93.8 64.9 -0.09 0.436 -0.085 0.417
Calendar- month ACCESS-ESM1-5 125.2 79.6 +19.08 0.434 -0.963 0.221
CESM2 124.8 79.3 +11.63 0.390 -0.929 0.235
CanESM5 102.1 63.7 24.47 0.405 -0.294 0.330
EC-Earth3 88.4 60.6 -3.67 0.523 +0.032 0.507
MIROC6 106.2 66.6 -2.98 0.401 -0.412 0.371
Unweighted MME 79.1 52.0 -0.08 0.565 +0.224 0.541
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