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ABSTRACT

The dynamic downscaling dataset provides useful insight for future climate change at the local scale. The original down-
scaled dataset, however, inevitably involves bias and hampers its further applications. This study presents a bias correction
method that uses the quantile mapping method to a dynamic downscaled dataset originated from the Meteorological Research
Institute (MRI). Daily solar radiation and hourly typhoon rainfall are selected as target variables to be corrected because they
are critical variables in hydrological and agricultural practice. The results reveal that the original biases in the two datasets
were markedly reduced and the statistical characteristics in the projections were much closer to that in the observations. After
correction, the future changes in daily solar radiation and hourly typhoon rainfall are also evaluated. A decrease in solar radia-
tion is suggested up to ~5% in south and west parts of Taiwan in the late 21* century while an increasing amount, about 2%,
will occur in the mountain areas. A significant increase in typhoon rainfall amount, up to ~50% is observed in the west and
central parts of Taiwan in the late 21* century and ~20% in the early 21% century (2015 - 2039). A decrease in typhoon rainfall

amount, up to ~-30%, is clear for the north and east parts of Taiwan.
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1. INTRODUCTION

Extreme weather disasters such as flooding, landslides,
and droughts have occurred frequently and widely in recent
years in Taiwan. To better understand the impacts of these
extreme events, quantitative assessment of the future chang-
es in these extreme events is an important issue. As such,
there is an increasing need for high-resolution climate mod-
els that simulate climate phenomena at the local scale. This
kind of high-resolution climate model is able to simulate
small-scale weather patterns, such as tropical cyclones, with
a horizontal resolution of only a few kilometers (Mizuta et
al. 2012). Promising data exists to assess long-term, (longer
than several decades, changes of extreme weather events);
however, these data are not free of problems. Various sourc-
es of uncertainties such as the model’s compactness, param-
eters disturbances and initial/boundary condition bias in the
high-resolution model output are unavoidable (Christensen
et al. 2008; Rojas et al. 2011).
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The bias in models must be corrected before applica-
tion to further practices in order to produce reliable impact
assessments. A number of approaches have been suggested
for statistical bias correction (Wood et al. 2004; Elshamy et
al. 2009) and dynamic (Mao et al. 2015) downscaling data-
sets. Most of these approaches aimed to adjust the model
outputs as close to the observations as possible in terms of
statistical characteristics such as the mean and standard de-
viation (SD). Some attempts focused on adjusting the statis-
tical characteristics of global climate model (GCM) outputs
in monthly, seasonal, or annual timescales (Johnson and
Sharma 2011; Haerter et al. 2011) while others focused on
regional climate model (RCM) output for daily timescale
(Teutschbein and Seibert 2012) or monthly scale (Chris-
tensen et al. 2008). However, a bias correction to a dynamic
downscaled RCM at the hourly scale is rarely discussed.
The major aim of this study is to remove the bias in the
dynamic downscaled RCM outputs for application to hourly
typhoon rainfall and daily solar radiation data.

The reason that hourly typhoon rainfall and daily solar
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radiation are selected for bias correction is based on the re-
search demands of a national major climate change project in
Taiwan, the Taiwan Climate Change Projection and Informa-
tion Platform (TCCIP) funded by the Ministry of Science and
Technology, Taiwan. TCCIP aims to provide sound climate
change datasets (statistical and dynamic downscaling) to end
users in various fields such as hydrology and agriculture. Ty-
phoon rainfall is the most important trigger for hydrological
applications such as flooding simulations and landslides in-
duced by heavy rainfall. For agricultural applications, daily
solar radiation is the most significant climate factor in ag-
ricultural productions. Unfortunately, both hourly typhoon
rainfall and daily solar radiation present biases in the raw
RCM output data making a correction procedure necessary.

Bias correction can be conducted using parametric
or nonparametric approaches with observed and projected
datasets in the baseline (Teutschbein and Seibert 2012). The
parametric approaches assume an identical statistical distri-
bution and thus parameter estimation errors are inevitable.
Furthermore, the distribution selected to fit the projected
baseline dataset is not necessarily the same in the future.
Therefore, a nonparametric approach is used in this study.
Numerous nonparametric approaches have been proposed
in literature such as linear scaling, variance scaling, quan-
tile mapping etc. (Johnson and Sharma 2011; Haerter et al.
2011). However, linear scaling and variance scaling only
adjust the mean and variance of the projection data and may
fail to correct the bias presented in a skewed sample dis-
tribution (e.g., extreme rainfall). Quantile mapping aims to
correct projection data toward identical population features
(e.g., mean, variance, skewness etc.) with the observations
and is used in this study.

The major aim of this study is to correct the biases of
dynamic downscaled datasets, hourly typhoon rainfall and
daily solar radiation, using the quantile mapping approach.
The representability of the corrected datasets is also evalu-
ated. After bias correction, possible future changes in daily
solar radiation and hourly typhoon rainfall spatial patterns
are also illustrated.

2. MATERIALS AND METHOD
2.1 Materials

Through cooperation between two major national
climate change projects from Taiwan and Japan (TC-
CIP, http://tccip.ncdr.nat.gov.tw/NCDR/main/index.aspx;
and KAKUSHIN Program, https://www jamstec.go.jp/
kakushin21/eng/kakushin.html) the dynamic downscaled
dataset, originated from the Meteorological Research In-
stitute (MRI) of the Japan Meteorological Agency (JMA),
named MRI-AGCM 3.2S, the S refers to super-high resolu-
tion, is used in this study. The Atmospheric General Circula-
tion Model (AGCM), MRI-AGCM 3.2S with a 20-km grid,
is based on the JMA operational weather prediction model

in which a quasi-conservation semi-Lagrangian dynamics is
implemented. A radiation scheme and land surface scheme
are developed. Present-day and future climate simulations
are performed using the observed sea surface temperature
(SST) and SST change projected by atmosphere-ocean
coupled models as the lower boundary condition (Mizuta
et al. 2012). The future climate simulation results provide a
large amount of information including possible changes in
tropical cyclones, the East Asian monsoon, extreme events,
and blocking (Mizuta et al. 2006, 2012; Oouchi et al. 2006;
Kitoh et al. 2008).

We further downscaled it into 5-km grid hourly data
using the WRF 3.1.1 model (Weather Research and Fore-
casting modelling system) developed by National Center
for Atmospheric Research (NCAR) with a 5-km terrain data
to enhance the MRI-AGCM 3 .28 resolution for local study
in Taiwan. The modules consist of WRF Single-Moment
6-Class Microphysics scheme (WSM6), Noah land surface
module, Monin-Obukhov surface layer scheme, Rapid Ra-
diative Transfer Model (RRTM) for long-wave radiation,
and Dudhia for short-wave radiation. Driven by the MRI
data as the initial and boundary conditions, no nested-grid
treatment and 5-km horizontal resolution cells, and 36 verti-
cal layers are implemented in the WRF model. The simula-
tion periods follow the MRI-AGCM 3.2S setting which is
comprised of the late 20" century, and also termed as the
baseline, (1979 - 2003), the early 21* century (2015 - 2039),
and the late 21* century (2075 - 2099). This dataset is de-
noted by MRI-WRF hereafter.

Ground observations were collected from gauges
around Taiwan for bias correction. There are 84 rainfall
gauges with hourly records during 1979 - 2003 collected
from the Water Resources Agency (WRA) and Central
Weather Bureau (CWB) used in this study (Fig. 1). The fo-
cus of this study is on the rainfall during typhoon events,
defined by the CWB with official records. Therefore, only
the data from both datasets within the typhoon event period
are used in the analysis.

The observed daily solar radiation datasets were col-
lected from the CWB and Taiwan Agricultural Research
Institute (TARI). There are 33 radiation gauges with record
lengths of 15 years (Fig. 1). An inconsistency problem in
the radiation data from the CWB occurred at the end of 2002
because the radiation instruments were calibrated at the end
of 2002. This calibration results in time series before and
after 2003 separated into different levels (Fig. 2a). The two
mean value separation is statistically significant by T test at
the 1% significant level. There is no such problem in the ra-
diation dataset from TARI (Fig. 2b). Figure 2 shows that the
MRI-WREF radiation was overestimated, therefore, there is a
clear need for bias correction. Based on the fundamental of
not to alter any observation and considering the consistency
between datasets; we used only the observations after 2003
for the solar radiation bias correction.
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2.2 Method

Quantile mapping (QM) is a nonparametric method that
matches the full distribution of dataset between the projec-
tion and observation (Johnson and Sharma 2011). Assume
that we have a projected dataset with sample size of n (Xp ;,
i=1,2,...,n) and an observed dataset with sample size of m
(Xo.;,i=1,2,...,m). The empirical cumulative distribution
functions (ECDF) for the projected and observed datasets
are calculated and denoted as F), and F,, respectively. In the
ECDF, each value (e.g., X) has a corresponding quantile (g).
For example, the i projected value (X ;) corresponds to jo
quantile (gp ;) of Fp. Therefore, the bias-corrected value (Xc)
can be expressed as

Xci= Fbl [qP,j(XP,i)] (1

where Fy is the corresponding value of a given quantile in
the ECDF of observations (F,). The process of QM is illus-
trated in Fig. 3. A correction factor (R) could be denoted by
the ratio of the projected values before and after QM:

X
R (XP, )= X:IA @

This ratio (R) was applied to the projected dataset in
the future under the assumption that the population features
remain the same between the baseline and future periods.
Therefore, the bias-corrected value can be rewritten as

XtC,i = X;’,i X R(va,i) (3)

where X} ; represents the i projected value in 7 period (the

120°E 121°E

early 21* century, the late 21 century) and X¢; is its bias-
corrected value.

It is worth noting that the data used for bias correc-
tion in this study are at different time scales. The radiation
data is in daily intervals while the rainfall data is in hourly
intervals. The hourly rainfall data for typhoon events were
selected to conduct bias correction. The reasons were (1)
typhoon rainfall is the major cause of flooding and also the
major water resource contribution; (2) there are many rain-
fall types in Taiwan, such as typhoons, Mei-Yu, convective
storms etc., driven by various weather patterns. Using only
typhoon rainfall from two datasets assures that the popula-
tion features of two datasets are the same, which is also the
aim of quantile mapping.

With projected and observed data during the baseline
(1979 - 2003) the QM approach is applied here to correct
biases in the future projections. The point data at gauges and
the MRI-WRF grids encompassing the gauges are used for
the correction based on the assumption that the projection in
a MRI-WREF grid is uniform. This is a common assumption
widely accepted by meteorologists and hydrologists.

After bias correction a comparison between projections
in the future and based periods were conducted by calculat-
ing the change rate (CR) defined as

XFuture - XBase period

CR(%) = X 100% )

XBase period

where X, perioa 15 the variable in the baseline and Xy, is in
the future (the early or late 21* century).

3.RESULTS
3.1 Hourly Typhoon Rainfall

The hourly rainfall of the 84 gauges for 25 years

120°E 121°E 122°B

Fig. 1. Locations of ground measurements (a) rainfall gauges; (b) radiation gauges.
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Fig. 2. Comparison between monthly averaged solar radiation of MRI-WRF and observations and the boxplots of daily solar radiation of different
gauges (a) CWB ID: 466900; (b) TARI ID: 72U480. The locations of these two gauges are shown in Fig. 1.
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together forms the ECDF of the observed dataset and corre-
sponding data from the 84 MRI-WREF grids forms the ECDF
of the projected dataset. Following the procedure illustrated
in Fig. 3 the original projected MRI-WRF hourly typhoon
rainfall was corrected using Eq. (1). The correction factors
for hourly typhoon rainfall (R;) are shown in Fig. 4. The cor-
rection factors for hourly typhoon rainfall were all larger than
1 implying that the original MRI-WRF outputs were enlarged
to reduce the underestimation problem. Notably, the R, was
a nonlinear function of the original projected hourly typhoon
rainfall and it decreased to around 1.25 when the projected
values were larger than 60 mm hr'. When comparing the to-
tal rainfall from typhoon events for the 84 gauges and the
corresponding MRI-WRF grids, the scatter plots in Fig. 5 re-
veal that the scatter points are much closer to the equivalent
line after bias correction; while the root mean square error
(RMSE) also dropped from 643.5 to 419.4 mm. The spatial
distribution of the averaged typhoon rainfall amount derived

Xci

Xpi

g. 3. Illustration of quantile mapping for bias correction.

from the projected data also agreed with the observed data,
and a marked improvement in the underestimation could be
found in Figs. 6a - c. These results strongly suggested that the
bias correction was necessary and promising.

Applying the correction factor (Ryz) to all 1566 pro-
jected grids, a generally increasing typhoon rainfall amount
trend is observed from Figs. 6d - f, especially in the south and
central part of Taiwan. The increasing future total typhoon
event rainfall was quantified by the change rate (Fig. 7). It
was apparent that the increasing trend is located mainly in the
west and central parts of Taiwan, up to ~50% in the late 21%
century, while a decreasing trend was also clear, up to ~-30%
in the late 21* century, in the north and east parts of Taiwan.

3.2 Daily Solar Radiation

Two data series comprising all 33 gauges from TARI
and CWB and the corresponding 33 MRI-WREF grids in the
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baseline were used for the QM approach. The correction ance will be smaller than the original value and therefore,
factors for daily solar radiation (Rg) are shown in Fig. 8. will reduce the daily solar radiance overestimation problem
Notably, the ratio is not linearly increasing with the project- in the original MRI-WREF outputs. Figure 9 shows that the
ed value before correction implying that the correction is a monthly average time series for projected and observed
non-linear procedure. It was clear that all of the Ry values solar radiance are much closer while it was also obvious
less than 1, which indicated that the corrected solar radi- from the boxplots that the daily solar radiation distributions
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Fig. 4. Correction factor for hourly typhoon rainfall. Fig. 5. Scatter plots of averaged typhoon rainfall amount before and

after bias correction.
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Fig. 6. Maps of averaged typhoon rainfall amount (mm) (a) 84 gauges and MRI-WRF; (b) 84 grids before correction; (c) 84 grids in the baseline
after correction; (d) all grids in the baseline after correction; (e) all grids in the early 21* century after correction; (f) all grids in the late 21* century
after correction.
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Fig. 7. Change rate (%) of future projection typhoon rainfall (a) the early 21* century; (b) the late 21* century.
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Fig. 9. After bias correction, comparison between monthly averaged solar radiation of MRI-WRF and observations and the boxplot of daily solar
radiation of different gauges (a) CWB ID: 466900; (b) TARI ID: 72U480.
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were also much similar. From the scatter plots of averaged
daily solar radiation (Fig. 10), the points are much closer to
the equivalent line. The RMSE between the observed and
projected average daily solar radiation also dropped from
7.90 to 1.82 (MJ m?).

Figure 11a shows the average daily solar radiation
from 33 gauges and a decreasing trend from southwest to
northeast was observed. This trend was also maintained in
the projected dataset. However, the original MRI-WRF out-
put overestimation was obvious (Fig. 11b). After correction,

the projected data spatial pattern did not change while the
average daily solar radiation decreased to a level similar to
that of the observed. The same correction factor applied to
all 1566 projected grids and the average daily solar radia-
tion are shown in Figs. 11d - f. The solar radiation in the
southwest part of the area will decrease in the future. This
was clear in the change rate maps for the early and late 21*
century. The solar radiation decrease could be up to ~5%
in the late 21* century (Fig. 12). An interesting thing is that
an increase in solar radiation of about 2% in the future was

25
" P90 0 $of
0 9
o <><> ®50
E >
= &
315
% oo ’%3
- ° [ ]
[ ]
10 -
< Before BC
@ After BC
55 10 15 20 25

Observed (MJ m?)

Fig. 10. Scatter plots of averaged daily solar radiation before and after bias correction.
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Fig. 11. Maps of average daily solar radiation (a) 84 gauges; and MRI-WRF (b) 84 grids before correction; (c) 84 grids in the baseline after cor-
rection; (d) all grids in the baseline after correction; (e) all grids in the early 21* century after correction; (f) all grids in the late 21* century after

correction. Note that the (b) colour bar is different from the others.



656 Su et al.

25°N

24°N

23°N

22°N

1 25°N

24°N

23°N

22°N

120°E 121°E 122°E  120°E 121°E 122°E

-10 -5
L

0 5 10
; T

Fig. 12. Change rate (%) of future projection of solar radiation (a) the early 21 century; (b) the late 21* century.

observed in the northeast part of Taiwan, also corresponding
to mountainous areas in Taiwan. The bias-corrected daily
solar radiation, albeit not problem free, provided a reason-
able representation of the solar radiation for the baseline and
future projections and could be used for further agricultural
applications under climate change scenarios.

4. CONCLUSIONS

Bias corrections using quantile mapping method to the
MRI-WREF datasets, daily solar radiation and hourly typhoon
rainfall, are presented in this study. The spatial patterns of
possible future changes in solar radiation and typhoon rain-
fall are also explored. Our conclusions are discussed below:
(1) Quantile mapping applied to MRI-WREF datasets correct

the original model outputs to have similar population
characteristics as the observations and the correction
factors for daily solar radiation and hourly typhoon rain-
fall were proposed. The biases in the original MRI-WRF
model outputs, such as the daily solar radiation overes-
timation and hourly typhoon rainfall underestimation,
were markedly reduced.

(2) The spatial patterns of future changes in solar radiation
revealed a decreasing, up to ~5% in the late 21* century,
in the south and west parts of Taiwan while an increase
in solar radiation about 2% in the future was also ob-
served in the mountain areas.

(3) Marked increases in typhoon rainfall, up to ~50% in the
late 21* century and ~20% in the early 21* century, were
observed in the west and central parts of Taiwan while
a decrease, up to ~-30%, was also clear in the north and
east parts.
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