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Abstract: Following previous studies of the rainfall forecast in Shenzhen owing to landfalling tropical cyclones (TCs), a
nonparametric statistical scheme based on the classification of the landfalling TCs is applied to analyze and forecast the
rainfall induced by landfalling TCs in the coastal area of Guangdong province, China. All the TCs landfalling with the
distance less than 700 kilometers to the 8 coastal stations in Guangdong province during 1950—2013 are categorized
according to their landfalling position and intensity. The daily rainfall records of all the 8 meteorological stations are
obtained and analyzed. The maximum daily rainfall and the maximum 3 days’ accumulated rainfall at the 8 coastal
stations induced by each category of TCs during the TC landfall period (a couple of days before and after TC landfalling
time) from 1950 to 2013 are computed by the percentile estimation and illustrated by boxplots. These boxplots can be
used to estimate the rainfall induced by landfalling TC of the same category in the future. The statistical boxplot scheme
is further coupled with the model outputs from the European Centre for Medium-Range Weather Forecasts (ECMWF) to
predict the rainfall induced by landfalling TCs along the coastal area. The TCs landfalling in south China from 2014 to
2017 and the corresponding rainfall at the 8 stations area are used to evaluate the performance of these boxplots and
coupled boxplots schemes. Results show that the statistical boxplots scheme and coupled boxplots scheme can perform
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better than ECMWF model in the operational rainfall forecast along the coastal area in south China.
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1 INTRODUCTION

Tropical cyclone (TC) is one of the most lethal and
powerful natural phenomena, especially in China (Ren et
al. ; Xijao et al.!). TCs will usually bring heavy
rainstorm in the coastal area, which may cause
catastrophic flood and mudslide, resulting in tremendous
loss of lives and property (Rappaport et al. Bl; Li et
al. ). Timely warning of the possible disasters caused
by TCs is therefore essential for the local authority to
protect people, which demands accurate and timely
forecast of rainfall induced by TCs.
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Although there are urgent demands, the prediction
of local rainfall induced by TCs is very hard and
challenging (Businger et al. Bl; AMS ; Willoughby et
al. ). Nowadays, Numerical Weather Prediction (NWP)
models perform well in forecasting the track of TCs, but
the forecast of TC rainfall by NWP models remains
problematic  (Willoughby et al.[’; Roy and
Kovordanyi ®). NWP is still not good enough to capture
the complicated intrinsic dynamic processes of TCs and
the environmental conditions, which are strongly related
to the precipitation induced by TCs (Saha et al. 7). Tt is
reported that the rainfall is related to the geographical
location and the intensity of TC (Lonfat et al. ).
Precipitation decreases logarithmically with the distance
from the center of TC (Riehl and Malkus "'!l; Simpson
and Riehe '”; Kidder et al.!¥). Besides, the
precipitation and the intensity of TC have a significantly
positive  correlation  (Pfost '¥).  Furthermore, the
distribution of the precipitation induced by TCs is not
symmetric and the rainfall usually concentrates on one
side of the track of a TC (Elsberry '*!; Corbosiero and
Molinari %), In the Northern Hemisphere, landfalling
TC will usually induce stronger rainfall on the right
hand side than on the left hand side, as different surface
friction between land and water may lead to low level
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convergence and bring more moisture to the right hand
side when a TC approaches the coast (Kimball ['7; Li et
al. ["8), Researchers pay much attention to pursue a more
reliable approach than NWP to forecast the rainfall
induced by TCs. Mark et al.[" proposed a Rainfall
Climatology and Persistence model (R-CLIPER) which
gave a description of the spatial and temporal
distribution of rainfall induced by a TC. The rainfall
climatology was described as a relationship with the
radius and time after landfall. However, the model
resulted in a circularly symmetric rainfall distribution,
which was not true in reality. By incorporating the
impact of vertical shear and topography into the original
R-CLIPER, Lonfat et al. ®” developed the Parametric
Hurricane Rainfall Model (PHRaM). PHRaM made
some improvement in the prediction in terms of the
rainfall spatial distribution and amplitude compared with
R-CLIPER. However, the model showed a significant
bias toward lower rain amount when the rainfall
prediction at a distance far away from the storm center,
such as 300-400km. Phost ¥ identified the moving
speed of a TC as the key factor for estimating the
maximum landfalling-TC-induced rainfall along the
northern Gulf of Mexico coast and Florida peninsula.
However, there was no method proposed in the study to
forecast the rainfall along the TC swath except for the
maximum rainfall.

Guangdong province, located in south China with
4114 kilometers of coastline, is one of the most
vulnerable areas to TC disasters in China. The province
suffers great loss from landfalling TCs every year (Liang
et al. P Ye 2I; Yuan et al. ). In fact, even a slight
typhoon may lead to severe economic loss in this region
(Yin et al. ?¥). Typhoon Mujigae in 2015 hit Guangdong
province in October, bringing powerful winds and heavy
rainfall as it approached the province. It affected more
than 3.5 million people and devastated over 3000 houses
and 282 thousand hectares of cropland (Xinhuanet
News ). To protect people from such kind of natural
disaster, decision-makers need to issue timely and
accurate TC warnings. However, in China, there are few
operational quantitative precipitation forecast techniques
and the prediction of local rainfall induced by TC
mainly relies on the empirical estimation and subjective
experience of forecasters with the help of NWP models
(Chen et al. P%; Xu et al. 7). Therefore, it is necessary
to develop and improve the quantitative precipitation
forecast techniques based on the knowledge of rainfall
induced by TCs in this area. Li et al. 3] developed an
operational statistical scheme to forecast rainfall induced
by TCs in Shenzhen and it performed well. In this study,
the scheme proposed by Li et al. ¥ will be further
improved to couple with NWP to forecast the
precipitation due to TCs at several coastal
meteorological stations in Guangdong province. The
performance of the improved scheme in the study area
will be evaluated.

This paper consists of four parts. Section 2 will
introduce the data and methodology. Section 3 will
detail the procedures, results and discussions. The
summary and conclusion will be presented in section 4.

2 DATA AND METHODOLOGY

2.1 Data

Eight coastal stations are involved in this study;
namely, they are stations of Nanao, Shanwei, Shenzhen,
Zhuhai, Shangchuan Island, Yangjiang, Zhanjiang, and
Xuwen, respectively (from east to west). The
information of these stations is listed in Table 1.

Table 1. The details of the 8 coastal stations.

Stations Abbreviation Duration of rainfall data
Nanao NA 1957-2017
Shanwei SW 1952-2017
Shenzhen SZ 1952-2017
Zhuhai ZH 1961-2017
Shangchuan Island SCI 1957-2017
Yangjiang YJ 1952-2017
Zhanjiang VAl 1951-2017
Xuwen XW 1956-2017

The daily rainfall records of these eight stations are
obtained from China Meteorological Administration
(CMA), which starts from 8pm (Beijing time) of the
previous day to 8pm of the current day. From 1951-
2017, there are 674 TCs landfalling in south China. The
TC characteristics, including TC landfalling intensity,
landfalling time and position, are obtained from CMA as
well. Historical TC and rainfall data before December
31, 2013 are used for the calibration of the forecasting
scheme in this study and the data after 2013 are used for
the validation of the scheme.

2.2 Methodology
2.2.1 TC CLASSIFICATION

Following the method of Li et al.l'®), the landfalling
TCs are divided into group A and group B for each of
the coastal stations. Different from Li et al.l'®l we
employed a grouping method based on the different
wind direction at the station, i.e., the onshore wind or the
offshore wind, rather than the landing direction of east
or west. Group A contains the TCs which bring onshore
wind to those stations. For Nanao (NA), Shanwei (SW),
Shenzhen (SZ), Zhuhai (ZH), Shangchuandao Island
(SCI) and Yangjiang (YJ), the corresponding TCs of
group A are those TCs landing to the west of the specific
station; however, for the station of Zhanjiang (ZJ) and
Xuwen (XW), the corresponding TCs of group A are
those landing to the south of the specific station. In
contrast, group B contains TCs landing on the other side
which brings offshore wind to the corresponding
stations. Also based on Li et al.l' all the TCs
landfalling within the distance of 700 kilometers to each
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Figure 1. Locations of the 8 coastal stations.

of the specific station are considered. According to the
distance between the TC landfalling position and the
specific station, TCs are further grouped into Al, A2,
A3, ...,A7,B1,B2, ..., B7, based on the criteria of 100
kilometers and wind directions. For each station, Al
group refers to TCs with the distance of 0-100 km
(including 100 km) to the station, bringing onshore wind
to the corresponding station; A2 group contains TCs
with the distance of 101-200 km to the station, bringing
onshore wind to the corresponding station, etc. Group
B7 then contains TCs with the distance of 601-700 km
to the station, bringing offshore wind to the
corresponding station.

According to the TC intensity criterion of China

Meteorological Administration which is shown in Table
2, there are six categories of TCs, i.e. super typhoon
(SuperTY), severe typhoon (STY), typhoon (TY), severe
tropical storm (STS), tropical storm (TS) and tropical
depression (TD) based on the maximum wind speed near
the TC center. In accordance with Li et al.l'¥, all these
TCs are grouped into four categories in this study, i.e.,
TTY (including SuperTY, STY, and TY), STS, TS and
TD. Thus, according to their landfalling direction,
landfalling distance and landfalling intensity, all the TCs
are classified into A1-TTY, A1-STS, A1-TS, A1-TD, A2-
TTY, A2-STS, A2-TS, A2-TD, ..., B7-TTY, B7-STS,
B7-TS,and B7-TD. Finally, all the landfalling TCs are
classified into 56 groups.

Table 2. Categories of TC based on the intensity criterion of China Meteorological Administration.

Category Abbreviation Sustained maximum wind speed near center
Super Typhoon SuperTY >=51m s’
Severe Typhoon STY 41.5ms' ~509ms’
Typhoon TY 327ms" ~41.4ms’
Severe Tropical Storm STS 245ms' ~32.6ms’
Tropical Storm TS 172ms" ~244ms’
Tropical Depression TD 10.8ms”! ~17.1ms’"

2.2.2 RAINFALL DATA PROCESSING

In the late 1980s, China Meteorological
Administration began to record hourly weather
variables. Before the 1980s, rainfall was recorded on a
daily basis. In order to have sufficient rainfall record, the
influence of rainfall induced by landfalling TCs is
computed on a daily basis in this study. The maximum

daily rainfall caused by TCs is the maximum value of
the rainfall records during the landfalling period, which
is defined as the period from two days before TC
landfall to three days after landfall'®l. As the landing
time for a TC might vary from 00 to 23 in a day, only
computing the maximum daily rainfall is not enough to
reflect the influence due to a landfalling TC. Therefore,
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the maximum 3-day accumulative rainfall is computed
as well, which is the maximum three consecutive days

accumulative rainfall during the landfalling period.
2.2.3 BOXPLOT

Due to the daily rainfall’ s non-normal distribution
characteristics, non-parametric statistical methods are
more appropriate for analyzing the rainfall data (Pett?®®;
Wilks?; Li et al.'®)). Boxplot is an efficient and widely
used graphic tool for data analysis (Tukey®”). There are
six elements in a boxplot, including the median, the
lower quartile, the upper quartile, the lower whisker, the
upper whisker and the outliers, all of which can be
calculated from the samples.

In this study, after the Ilandfalling TCs are
categorized for each station, the corresponding rainfall
records at the station due to each TC group can be
analyzed by boxplot method. In practical application,
according to the track and intensity forecast by NWP
models and the experience of forecasters, the category of
the TC, i.e. TTY, STS, TS, TD, can be determined 12-36
hours in advance if the TC is going to land along the
coast of south China. Then, referring to the boxplot of
the specific TC group that the landfalling TC belongs to,
forecasters can obtain an estimation of the maximum
daily rainfall and the maximum 3-day accumulated
rainfall that the landfalling TC may cause, including the

medians, the interquartile ranges, etc.
224 COUPLING ECMWF NWP OUTPUT WITH THE
HISTORICAL RECORDS

Rainfall is a stochastic process in time and in space
(Johnson et al.BY; Chowdhury et al.®?; Onyutha and
WillemsP®*). Although the distribution for a particular
rainfall event is stochastic, the rainfall amount at a
station for long time is stable and will have similar
pattern with its nearby area. Therefore, the boxplot of
the historical rainfall induced by a TC group which
reflects the stochastic rainfall characteristics in time at
the corresponding station can approximately be treated
as the spatial rainfall distribution pattern for the nearby
area at a rainfall event.

Meanwhile, NWP model can roughly reflect the
atmospheric condition of a TC process although the
model is not good enough to capture the complicated
intrinsic dynamic processes of the TCs. Therefore, the
rainfall prediction provided by the NWP model can be
also used as an important reference for forecasters.
European Centre for Medium-Range Weather Forecasts
(ECMWF) model is renowned worldwide for providing
the most accurate medium-range global weather forecast
(Halperin et al.**; Wang et al.®l; Magnusson et al.*l).
This study will couple the weather forecast information
from ECMWF model with the historical observation
data to generate a more accurate forecast for TC rainfall
at the coastal area. Generally, ECMWF model tends to
underestimate the amount of rainfall induced by heavy
storm; however, it performs well in forecasting light
rainfall (Zhong et al.B”). For each TC, the rainfall

forecast for the corresponding station (EC,) and rainfall
extreme forecast, including the maximum of the
predicted rainfall (EC,,,) and the minimum of the
predicted rainfall (EC,,), for the city area (the city
which contains the station) by ECMWF model can be
used as references to adjust the rainfall forecast by the
boxplot scheme. Three ways are proposed to adjust the
boxplot scheme, which are described in detail as follows.

The 50% quantile scheme

The key step for this scheme is to adjust the upper
bound and the lower bound according to the EC,. While
the EC, is greater than the 75% percentile of the
boxplot, the upper bound is the bigger one of the EC,,,,
and the maximum of the boxplot. And the lower bound
is the median of the boxplot. While the EC, is less than
the 25% percentile of the boxplot, the lower bound is the
smaller one of the EC,,, and the minimum of the
boxplot. And the upper bound is the median of the
boxplot. Otherwise, the upper bound is the 75%
percentile of the boxplot and the lower bound is 25%
percentile of the boxplot.

The 100% quantile
extreme minimum scheme

The upper bound is the maximum of the boxplot
and the lower bound is the smaller one of the EC_, and
the minimum of the boxplot. Through this adjustment,
the scheme will include more information of the
unbalanced rainfall distribution which is neglected by
the boxplot method, although the lower bound of the
rainfall is not the key point of typhoon rainfall forecast.

The full quantile scheme with ECMWF model
extreme outputs

In this scheme, the upper bound is the bigger one of
the EC,,, and the maximum of the boxplot. The lower
bound is the smaller one of the EC,;, and the minimum
of the boxplot. This scheme can reflect the potential
maximum area's rainfall range for the coming
precipitation due to a TC.
2.2.5 THE ESTIMATION OF ACCURACY

In order to evaluate the performance of the coupled
statistical boxplot scheme and the ECMWF model in
forecasting TC induced rainfall, quantitative estimation
of the accuracy is conducted. In each specific city which
contains a coastal national basic meteorological station,
there are numbers of other automatic weather stations
recording rainfall. For each rainfall event, it is not easy
to predict well the exact rainfall at a specific station.
However, people and the local authorities will usually
care about the potential maximum rainfall in a certain
area. ECMWF model can provide a rainfall range for the
whole urban area, while the coupled statistical boxplot
scheme can also provide a rainfall range. Suppose there
are altogether a stations in the city and there are x
stations with the rainfall record between the upper bound
and the lower bound of the forecast, the accuracy of the

with ECMWF model

forecasting would then be = (Yates et al.’%),
a
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3 RESULTS AND DISCUSSIONS

3.1 Boxplots for the precipitation

All the TCs landfalling within the distance of 700
kilometers to the eight meteorological stations are taken
into account. Following the procedures mentioned in
section 2, the historical landfalling TCs from 1950 to
2013 are grouped into 56 categories. For all the
historical rainfall records, the non-parametric statistical
method is employed in the analysis. The maximum daily
rainfall (R24) and the 3-day accumulated rainfall (R72)
during the TC landfalling period for each TC category at
each station are estimated and the results are described
by the statistical boxplot scheme.

Figure 2 shows the boxplots of R24 (Fig. 2a) and
R72 (Fig. 2b) for each TC category during the TCs
landfalling period at Shenzhen and Zhuhai, for instance.
In each figure, the subgraphs from the top to the bottom
illustrate the rainfall characteristic of the groups which
belong to TTY, STS, TS, and TD, respectively. In each
subgraph, the thick black solid line in the middle
represents the position of the meteorological station,
while the ticks of the horizontal coordinate-axis indicate
the distance to the station. For example, Al represents
the TCs landfalling within the distance of 100 km which
bring onshore wind to the stations; Bl represents the
TCs landfalling within the distance of 100 km which
bring offshore wind to the station. From Fig. 2, it can be
seen that the maximum daily rainfall and 3-day
accumulated rainfall induced by different types of TCs
at Shenzhen and Zhuhai have similar patterns. In
general, with the increase of distance, the rainfall
induced by landfalling TCs tends to be weaker and the
decreasing rate of this tendency becomes slower. With
the same landfalling distance and direction, TTY will
generally bring more rainfall to the stations than STS
and TS do, especially within the distance of 300 km to
the stations. The boxplots of the precipitation due to TCs
landfalling on the left side and the right side are not
symmetric along the central thick black solid line,
especially for the TD category. Compared with the TCs
landfalling on the right side which bring offshore wind
to the corresponding station, TCs landfalling on the left
side which bring on shore wind to the station may
generally induce stronger rainfall.

It is worth mentioning that the weather observation
in Zhuhai starts from September 1961, which is later
than the observation in Shenzhen. Zhuhai station is
located to the west of Shenzhen station with a distance
of around 70 kilometers. For this reason, most of the
TCs in group B1 at Zhuhai station will be categorized
into group Al at Shenzhen station. Similarly, most TCs
in group Al at Zhuhai station will be categorized into
group A2 at Shenzhen station.

3.2 Cases evaluation: forecasting and discussion

During the year from 2014 to 2017, there are
altogether 25 TCs landfalling in the north of Vietnam

and along the coastline of south China. The detailed
information of these landfalling TCs is listed in Table 3.
These TCs are used to evaluate the performance of the
coupled statistical boxplot scheme.

For a specific station, according to the landfalling
position and intensity, the TCs in table 3 will be
classified individually. Then the TC-induced rainfall at a
city area can be figured out according to the boxplot
scheme. Meanwhile, the rainfall forecast by ECMWF
model can also provide a rainfall range for the city area,
including the EC,, EC,,;, and EC,,,. With the reference
of ECMWF models outputs, the lower bound and the
upper bound of rainfall forecast for each of the coupled
statistical boxplot scheme can be computed as well,
according to the methods mentioned in section 2.2.4.

By comparing the forecast accuracy of the rainfall
forecast by ECMWF model and by the coupled
statistical boxplot schemes, we can estimate the
performance of each scheme. The average forecasting
accuracy for each of the forecasting schemes is
presented in Table 4 and Table 5. Furthermore, the
forecasting accuracy at the national basic stations by
each of the forecasting schemes is computed, and the
results are presented in Table 4 and Table 5 as well.

Compared with the rainfall forecast at the AWSs
over the city area by ECMWF model, the forecasts by
the coupled statistical schemes are generally better. The
50% quantile scheme and the 100% quantile scheme
without extreme ECMWF output perform better and
have higher accuracy at 7 cities compared with the
forecast by ECMWF model except for ZJ city. The full
quantile scheme with the extreme output of ECMWF
and the 100% quantile scheme with EC,;, which
consider the advantages of ECMWF model and
statistical scheme, overwhelm the ECMWF model’ s
forecast at all the 8 cities. As the statistical boxplot
scheme mainly considers the maximum daily rainfall or
maximum 3-day accumulative rainfall, the high rainfall
range over the area might be covered by the scheme. For
the coupled scheme including the EC,,,, as well as the
scheme including ECMWF extreme output (including
EC,. and EC_;), the rainfall range certainly becomes
larger, especially enlarging the lower rainfall range,
which will therefore improve the forecast accuracy over
the city area. Furthermore from Table 4 and Table 5, it
can be seen that the forecasting accuracy at the national
basic stations is generally higher than the forecasting
accuracy at the AWSs by the forecasting schemes. This
is reasonable as those forecasting schemes are originally
developed based on the historical rainfall observations
of the national basic station.

From Table 4 and Table 5, it can be seen that the
coupled statistical schemes perform well in forecasting
the rainfall induced by TCs along the coastal area in
Guangdong province. It should be pointed out that
though the extreme minimum of ECMWF model
improves the forecast accuracy of the statistical scheme,

min
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Figure 2. Boxplots of the maximum daily rainfall (a) and 3 days accumulated rainfall (b) induced by different TC categories during
landfalling period in Shenzhen from 1952 to 2013 (left) and in Zhuhai from 1961 to 2013 (right): the first row is for TTY, the second
row is for TTS, the third row is for TS and the fourth row is for TD.
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Table 3. The details of the 25 TCs landfalling within the distance of 700 km to the 8 coastal stations in Guangdong province during
the period from 2014 to 2017.

Name Year Landing longitude (°E) Landing latitude (°N) Landing intensity (m s™)
HAGIBIS 2014 116.7 232 20
RAMMASUN 2014 110.3 20.3 55
KALMAEGI 2014 110.9 19.8 40
MATMO 2014 119.5 25.2 33
2014TD 2014 110.4 21.1 12
KUJIRA 2015 110.5 18.9 25
LINFA 2015 116.2 22.8 35
SOUDELOR 2015 119.2 25.1 38
DUJUAN 2015 119.1 25.1 33
MUIJIGAE 2015 110.6 21.1 50
NEPARTAK 2016 118.7 24.7 25
MIRINAE 2016 110.2 18.7 28
NIDA 2016 114.5 22.5 40
DIANMU 2016 110.5 20.6 20
MERANTI 2016 118.3 24.5 50
MEGI 2016 118.9 25 33
SARIKA 2016 110.4 18.8 45
HAIMA 2016 115.1 22.8 42
2016TD 2016 112.5 21.8 14
MERBOK 2017 114.5 22.5 23
ROKE 2017 114.3 22.4 20
HAITANG 2017 119.5 22.5 20
NESAT 2017 119.5 25.5 33
HATO 2017 112.9 22 42
PAKHAR 2017 112.9 22 30

Table 4. Comparisons of the average accuracy of daily rainfall forecast induced by TCs at the 8 cities by ECMWF model (the sec-
ond and third column), by the pure boxplot method (the last two columns) and by the coupled statistical schemes (the fourth to the
ninth column) from 2014 to 2017. The numbers with normal font style in the table refer to the average accuracy of the rainfall fore-
cast at the AWSs for the corresponding city, and the italic bold numbers refer to the average accuracy of the rainfall forecast at the na-
tional basic stations of the corresponding cities.

. N .

City The accuracy of EC The Sgsﬁe?;l:mﬂe ]:cl}elelrr(l)(e)(z:]/i(tlklll ;Eléﬂé sch?rfef;lvliltglglgtl\l/l[iNF ;iZézovf;tﬁzirtlgg-

e extreme outputs MWEF extreme output
NA 0.02 0.06 0.40 0.44 0.49 0.69 0.52 0.69 0.49 0.69
SCI 0.12 0.22 0.44 0.56 0.65 0.89 0.65 0.89 0.63 0.83
SwW 0.40 0.39 0.44 0.39 0.64 0.74 0.64 0.74 0.50 0.65
Sz 0.33 0.33 0.42 0.54 0.58 0.92 0.61 0.92 0.44 0.92
XW 0.44 0.47 0.50 0.60 0.66 0.93 0.66 1.00 0.45 0.80
YJ 0.55 0.56 0.61 0.56 0.77 0.94 0.78 0.94 0.55 0.88
z] 0.60 0.81 0.57 0.31 0.71 0.88 0.72 0.88 0.48 0.69

ZH 0.38 0.35 0.54 0.52 0.66 0.65 0.67 0.74 0.39 0.52
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Table 5. The same as Table 4, but for the comparisons of the average accuracy of the 3-day accumulated rainfall forecast.

. . The full quantile The 100% quantile
0, 0,
City The accuracy of EC The 50% quantile The 100A>.quantlle scheme with ECMWF  scheme without EC-
scheme scheme with EC,,,

extreme outputs MWEF extreme output
NA 0.00 0.20 0.20 0.50 0.26 0.79 0.27 0.79 0.25 0.79
SCI 0.03 0.14 0.31 0.50 0.46 0.71 0.46 0.79 0.43 0.71
SW 0.21 0.44 0.27 0.44 0.43 0.72 0.44 0.72 0.34 0.67
Sz 0.11 0.37 0.20 0.37 0.34 0.79 0.35 0.79 0.31 0.68

the extreme minimum still lacks practical significance
for its harmlessness of the light rainfall. ECMWF model
often underestimates the local rainfall of the whole area
and the forecast by ECMWF model is usually too
smooth to reflect the local rainstorm intensity which is
more likely to lead to disastrous events. On the contrary,
the coupled statistical scheme, which combines the
outputs of ECMWF model and the historical observation
information, can depict the rainfall well induced by TCs.

In forecasting the 3-day accumulated rainfall
induced by TCs, the coupled statistical scheme also
performs better than ECMWF model does. The rainfall
forecast by the full quantile scheme with ECMWF
extreme outputs and the 100% quantile scheme with
EC,,, overwhelm the ECMWF output at all the cities.
The 50% quantile scheme and the 100% quantile scheme
without ECMWF extreme output also outperform the
ECMWEF at 7 cities except for ZJ city.

It is worth noting that ECMWF model generally
underestimates the extreme maximum rainfall and has a
small forecasting range in forecasting the rainfall
induced by TCs at a city area. Expanding the range
appropriately can improve rainfall forecasting accuracy.
However, there is a compromise between the forecasting
rainfall range and the operational forecasting
applicability. When the range is too large, such as the
full quantile scheme with ECMWF extreme outputs, the
applicability of the forecasting would be reduced though
the accuracy is improved. And when the range is too
small, such as the 50% quantile scheme, the forecast

range might not include the extreme rainfall. Therefore,
all the three coupled schemes should be referred to in the
operational TC rainfall forecast.

3.3 Case studies

Besides the above general evaluations for ECMWF
model and the coupled statistical boxplot schemes in
forecasting TC induced rainfall, a particular TC case is
employed in this study to assess the performance of
these schemes. TC Kujira was a severe tropical storm
that landed in 2015 (Fig. 3) and had a great impact in
Guangdong province. The cities of SW, ZH, and YJ are
used as the cities representing the east, middle and west
parts of Guangdong province to illustrate the forecast
performances of NWP model and the coupled statistical
schemes.

In SW city, the maximum daily rainfall forecast by
ECMWF model during the TC period is 24.58 mm, and
the minimum daily rainfall is 1.97 mm (Fig. 4a). The
forecasted rainfall range by ECMWF model cannot
reflect the real situation of the rainfall observation
ranging from 0 mm to 97mm (shown in Fig. 4¢).On the
contrary, the original boxplot scheme contains most of
the range of the observed data (Fig. 4b). All the three
coupled statistical schemes outperform the ECMWF
model in forecasting the rainfall induced by TC Kujira at
SW city. The 50% quantile scheme has an accuracy of
61%. The 100% quantile scheme with the EC_;, and the
full quantile scheme with ECMWF extreme outputs both
have an accuracy of 93%, while ECMWF model only
has an accuracy of 36%.
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Figure 3. The track of TC Kujira (2015).
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Figure 4. (a) The forecasted daily rainfall induced by TC Kujira at Shanwei by ECMWF model. (b) The boxplot of historical precipi-
tation of the specific TC group. The red shadow represents the range of ECMWF output and the blue shadow represents the observed

rainfall range. (c) The actual daily rainfall distribution in Shanwei.

In ZH and YJ, the situation is quite similar. In ZH,
the maximum rainfall prediction by ECMWF model is
21mm and the minimum rainfall prediction is 7 mm,
while the maximum observed rainfall is 45.5 and the
minimum is 1. In YJ, the maximum rainfall prediction
by ECMWF model is 30 and the minimum is 5; while
the observed maximum rainfall is 84.5 and the minimum
is 0. As Fig. 5 and Fig. 6 show, the ranges of the
boxplots are larger than ECMWF model outputs,
compared with the actual rainfall observation. The
boxplots can therefore provide a good reference for
weather forecasters. Actually in ZH, the 50% quantile
scheme has an accuracy of 54%; the 100% quantile
scheme with the EC,;, and the full quantile scheme with
ECMWF extreme outputs, both have an accuracy of
87.5%, while ECMWF model only has an accuracy of
33%. In YJ, the 50% quantile scheme has the accuracy
of 44%; the 100% quantile scheme with EC,;, and the
full quantile scheme both have the accuracy of 84.4%,
while ECMWF model has the accuracy of 31%.

From the above cases in the three cities, it can be
inferred that ECMWF model has the shortage while
forecasting the local rainfall induced by TCs and often
underestimates the real rainfall range. Coupling
ECMWF model forecast with the statistical boxplot

could provide more accurate estimations of the local
rainfall induced by TCs.

The situation is similar for the 3-day accumulated
rainfall forecast along the coastal area. The ECMWF
model forecasts are still too smooth to reflect the real
situation and cannot predict the extreme situation.
However, the statistical boxplot scheme and the coupled
statistical schemes perform better. The comparisons are
illustrated in Fig. 7, Fig. 8 and Fig. 9.

4 CONCLUSIONS

This study explores the methods to forecast the
maximum daily rainfall and 3-day accumulated rainfall
induced by landfalling TCs at the coastal cities in
Guangdong province. The historical TCs landfalling in
south China and in North Vietnam from 1951 to 2013
and the corresponding historical rainfall data at the
coastal stations are used for the method calibration. The
TCs and rainfall data from 2014 to 2017 are used for the
method validation. Results show that the boxplot scheme
based on the historical observation data can usually
provide a better prediction of the rainfall range along the
coastal city area than ECMWF model does. The
performance of the coupled statistical boxplot schemes,
with the integration of ECMWF model outputs into the
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Figure 5. The same as Fig. 4, but for the city of Zhuhai.
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Figure 7. The same as Fig. 4, but for the 3-day accumulated rainfall in Shanwei.
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Figure 9. The same as Fig. 6, but for the 3-day accumulated rainfall in Yangjiang.

boxplot scheme, is further improved in forecasting the
rainfall range at the coastal city area. The boxplot
scheme and the coupled boxplot schemes are therefore
valuable for forecaster in the real weather forecast
operation during TC seasons.
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