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We designed two groups of experiments to test the forecast performance of the
Dynamical-Statistical-Analog Ensemble Forecast (DSAEF_LTP) model for precipitation
caused by landfalling northward-moving typhoons. The first group DSAEF_LTP-1 had the
generalized initial value containing three factors (tropical cyclone track, landfall season and
tropical cyclone intensity) while the second group DSAEF_LTP-2 addedmultiple choices of
similarity regions. We selected 33 typhoons that brought about maximum daily
precipitation ≥100mm to the area north of the Yangtze River from 2004–2019. We
used 22 tropical cyclones from 2004–2015 as training samples to identify the best
scheme, which was then used to conduct independent sample forecasting
experiments for 11 tropical cyclones from 2016–2019. The results were compared
with those of four numerical models (ECMWF, GFS, GRAPES and SMS-WARMS). The
simulation ability of the DSAEF_LTP model was significantly improved after adding the
similarity regions. The TSsum (TS250 + TS100) for accumulated precipitation ≥250 and
≥100mm increased from 0.1239 (0 + 0.1239) to 0.1883 (0.0526 + 0.1357). The forecast
performance of the DSAEF_LTP for TS100 was 0.1355 for DSAEF_LTP-1 and 0.099 for
DSAEF_LTP-2 . Both exceeded the scores for two of the operational Numerical Models,
GRAPES (0.0798) and SMS-WARMS (0.0943). The DSAEF_LTP model can capture the
distribution patterns of the observed precipitation in most cases. The forecasting
performance was good over the southern coast of China but was limited in the north.
The development of vortex identification technology for residual vortices and the
introduction of new environmental factors into the generalized initial value are required
to improve the DSAEF_LTP model.
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1 INTRODUCTION

Typhoons (or tropical cyclones) frequently produce severe
catastrophic weather (Cai et al., 1994; Liang et al., 1995;
Zhou et al., 2004). Typhoon rainstorms often bring about
disasters (Cheng et al., 2005, 2007; Chen et al., 2010), and
many records of extreme rainstorms are related to typhoon
activity (Chen and Ding, 1979)—For example, Typhoon Nina
caused daily precipitation of 1,062 mm in Zhumadian, Henan
Province in 1975 and destroyed 102 km of the
Beijing–Guangzhou railway. Traffic was interrupted for
18 days and at least 26,000 people died. Precipitation from
Typhoon Morakot in 2009 reached 3,059.8 mm, causing a
major disaster in southern Taiwan and resulting in about
700 people being reported as missing or dead. In 2013,
Typhoon Fitow brought extreme precipitation to the north-
central coastal areas of Zhejiang Province, causing cities such
as Yuyao to be flooded for more than a week; the direct
economic loss exceeded 60 billion yuan. Strengthening the
forecasts of tropical cyclone rainstorms is therefore of great
practical significance in improving our ability to prevent
tropical cyclone rainstorm disasters.

Research on precipitation forecasts of landfalling tropical
cyclones (LTCs) has attracted much attention (Chen et al.,
2006; Woo et al., 2014; Rogers, 2018). Numerical models for
the prediction of LTC precipitation are being improved (Ma
and Tan, 2009; Zhu et al., 2016; Chen et al., 2016) and
dynamical–statistical models (Ren et al., 2020) have been
shown to improve forecasting by numerical models.
Dynamical–statistical forecasting methods can be divided
into three categories: 1) models that forecast tropical
cyclone precipitation from the perspective of the climate-
mean by combining the tropical cyclone track predicted by
the numerical model with the historical observed
precipitation (Marks et al., 2002; Lee et al., 2006; Lonfat
et al., 2007); 2) models that predict tropical cyclone
precipitation from the tropical cyclone track and the
distribution of rainfall intensity at the initial time (Kidder
et al., 2005; Liu, 2009; Ebert et al., 2011); and 3) models that
construct a dynamical–statistical similarity scheme based on
the forecast element field of the numerical model to predict
tropical cyclone precipitation (Li and Zhao, 2009; Zhong
et al., 2009).

Ren et al. (2020) proposed the Dynamical-Statistical-
Analog Ensemble Forecast (DSAEF_LTP) model for
predicting the precipitation of landfalling typhoons based
on an exploration of new ideas of ensemble forecasts with
a perfect model. The generalized initial value (GIV) is the
most important concept in this model and is composed of
physical factors that have a clear influence on typhoon
precipitation. In the early stage of model development, the
GIV introduces only two physical factors: the tropical cyclone
track and the landfall season. Ding et al. (2020) added a
tropical cyclone intensity factor in an experiment to
forecast the accumulated precipitation in South China,
resulting in improved forecast performance. Jia et al.
(2020) used this model to conduct a simulation experiment

on Typhoon Lekima and improved the simulation ability of
the model by including the tropical cyclone intensity and by
improving the specification of the parameters for the
similarity region (the area over which the forecast track is
compared with historic tracks for the choice of analogs).

Research on the DSAEF_LTP model is aimed mainly at
experiments with landfalling typhoons in southern China, and
is restricted by small sample numbers. However, landfalling
northward-moving typhoons have frequently occurred in
China in recent years and it is unclear whether this model is
suitable for forecasting precipitation from these systems. In this
paper, we carry out an experiment with a large number of samples
to investigate this issue.

Section 2 introduces the data and methods. Section 3
describes the design of the experiment and the steps used to
obtain the “best scheme”. Section 4 compares the performance of
the DSAEF_LTP model under the best scheme in predicting
precipitation for landfalling northward-moving tropical cyclones
and compares the results with those from four numerical models.
Section 5 summarizes and discusses our results.

2 DATA AND METHODOLOGY

2.1 Data
We used daily precipitation data from 2027 rain gage stations in
China from 1960 to 2019 provided by the National
Meteorological Information Center (NMIC) of the China
Meteorological Administration (CMA). The daily data period
was from 12:00 UTC on the previous day to 12:00 UTC on the
same day. The tropical cyclone track data were from the best-
track dataset for 1960–2019 provided by the Shanghai Typhoon
Research Institute. The dataset included the measured position
and intensity of each tropical cyclone at intervals of 6 h (Ying
et al., 2014). The analysis period was 2004–2019, chosen
according to availability of forecast tracks of the target TCs
based on the numerical weather prediction model in the
NMIC of the CMA.

We used precipitation forecast data from four numerical
models to test the precipitation prediction performance of the
DSAEF_LTP model: the European Centre for Medium-Range
Weather Forecasting (ECMWF), the China Meteorological
Administration Global/Regional Assimilation and Prediction
System (GRAPES), the Global Forecast System (GFS) of the
U.S. National Center for Environmental Prediction and the
Shanghai Meteorological Service WRF ADAS Real-Time
Modeling System (SMS-WARMS). The horizontal resolution
of the models were (0.125° × 0.125°), (0.25° × 0.25°), (0.25° ×
0.25°) and (0.09° × 0.09°) respectively.

2.2 DSAEF_LTP Model
Ren et al. (2020) developed the DSAEF model and applied it to the
prediction of precipitation caused by LTCs (Figure 1). The forecast
procedure of the DSAEF_LTP model is divided into four steps: 1)
obtain the tropical cyclone track predicted by numerical weather
prediction models; 2) construct the GIV, including the internal
variables of the tropical cyclone and environmental variables; 3)
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identify analogs for the GIV—in this study, this included identifying
the similarity of the track using the tropical cyclone track similarity
area index (TSAI) (Ren et al., 2018) and also identifying the
similarity of the landfalling dates and intensity; and 4) construct
the “ensemble LTP of the analogs” to forecast the accumulated
rainfall field of the target tropical cyclone.

2.3 Other Algorithms
1) Objective synoptic analysis technique

The objective synoptic analysis technique was used to
separate and obtain the precipitation caused by the tropical
cyclone (Ren et al., 2001; Ren et al., 2007; Wang et al., 2006). It
was divided into four steps: 1) division of the precipitation field
into independent natural rainbands; 2) identification of
potential tropical cyclone rainbands; 3) discrimination of
the precipitation of each station; and 4) combination of the
complete tropical cyclone rainband.

2) Objective tropical cyclone track similarity area index

The objective tropical cyclone TSAI refers to the geometric
area enclosed by any two typhoon tracks. This was used to
determine the similarity of two tropical cyclone tracks (Ren
et al., 2018). The smaller the TSAI index value, the higher the
degree of similarity between the two tropical cyclone tracks.

3) Threat score

We used the threat score, a commonly used test index for the
evaluation of weather forecast accuracy , to evaluate the
prediction performance of the DSAEF_LTP model. The
calculation formula is:

Threat score � hits
hits +misses + false alarms

where “hits” is the number of stations at which the prediction is
the same as the reality, “misses” is the number of stations where
precipitation is not predicted but does occur, and “false alarms” is
the number of stations at which precipitation is predicted but
does not occur. The value range of threat score is 0–1. The larger
the value, the higher the accuracy.

4) Threat score of rain gage stations

FIGURE 1 | Flowchart of the DSAEF_LTP model.

FIGURE 2 | Distribution of 534 rain gage stations in northern China
(Jiangsu, Shandong, Hebei, Tianjin, Beijing, Liaoning, Anhui and Henan
provinces).
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The precipitation sequence at each rain gage station as forecast
by the DSAEF_LTP model was evaluated against the observed
tropical cyclone precipitation to obtain the threat score for each

station (STS or Station Threat Score). The distribution of the STS
reflects the variations in forecasting performance of the
DSAEF_LTP model across different regions.

TABLE 1 | Names of tropical cyclones used for training and as independent samples.

Sample classification Date and name of typhoon

Training samples 2004 Mindulle, Rananim
2005 Matsa, Khanun
2006 Ewiniar
2007 Wipha, Krosa
2008 Kalmaegi, Fung-Wong
2009 Morakot
2010 Kompasu
2011 Meari, Muifa
2012 Damrey, Haikui, Bolaven
2013 Fitow, Danas
2014 Matmo
2015 Chan-hom, Soudelor, Goni

Independent samples 2016 Meranti, Megi
2017 Haitang
2018 Prapiroom, Maria, Ampil, Jongdari, Yagi, Rumbia
2019 Lekima, Lingling

TABLE 2 | Parameter table for the DSAEF_LTP model.

Parameter (1–8) Description Number
of parameter

values

Initial time (P1) 12.00 UTC or 00.00 UTC on the day tropical cyclone precipitation first occurs on the land
surface or 12:00 UTC on the previous day

3

Similarity region (P2) A parameter of TSAI. The position of the tropical cyclone at the start time and the maximum
prediction time are selected as the two diagonal points of the similarity region (rectangular
box). The vertex corresponding to the start time can be changed to the tropical cyclone
observation position 12, 24, 36 or 48 h in advance, and the other vertex can be changed to
the tropical cyclone forecast position with a time reduction of 6 or 12 h (1–15)

15 + 5

The vertex corresponding to the start time is taken as the southeast vertex with a side length
of 2000 km square, which is taken as the 16th similarity region scheme. We take themidpoint
of the southwest corner of this similarity region and the first type of similarity region as point A,
and the midpoint of the northeast corner as point B, where A and B are the two diagonal
points of the 17th similarity region. We move the 16th similarity region as a whole until its
southeast corner reaches point A as the 18th similarity region. The 16th similarity region is
fixed as a whole until its northwest corner reaches point B as the 19th similarity region. We
make a straight line through A and B in the north–south and east–west directions,
respectively; the intersection point is C and we take C as the northwest vertex and make a
square with a side length of 2000 km, which is the 20th similarity region (16–20)

Threshold of the segmentation ratio of a latitude
extreme point (P3)

A parameter of TSAI: 0.1, 0.2 and 0.3 3

Overlapping percentage threshold of two tropical
cyclone tracks (P4)

A parameter of TSAI: 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 6

Seasonal similarity (P5) The whole year, May–November, July–September, the same landfall month as the target
tropical cyclone and within 15 days of the target tropical cyclone landfall time

5

Intensity similarity (P6) Four types of intensity indexes: (land) the average andmaximum intensity of the first day of the
tropical cyclone precipitation process and the average and maximum intensity of the process
(wind speed)

4 × 5

Five kinds of strength similarity values: all levels; the same level and above; the same level and
below; only the same level; and the maximum difference of one level

Number of tropical cyclones with the top closest
similarity (P7)

1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 10

Ensemble forecast scheme (P8) Mean and maximum 2
Total number of schemes 3 × 20 × 3 × 6 × 5 × 4 × 5 × 10 × 2 2,160,000
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3 EXPERIMENTAL DESIGN OF THE
DSAEF_LTP MODEL

3.1 Experimental Samples
We carried out a precipitation prediction experiment with the
DSAEF_LTP model using data for northward-moving typhoons
that caused maximum daily precipitation ≥100 mm at stations in
northern China (Jiangsu, Shandong, Hebei, Tianjin, Beijing,
Liaoning, Anhui and Henan provinces north of the Yangtze
River) (Figure 2). Table 1 lists the 33 northward-moving
typhoon samples selected from 2004 to 2019, from which we
used 22 tropical cyclones from 2004 to 2015 as training samples
and 11 tropical cyclones from 2016 to 2019 as independent
samples.

3.2 Experimental Design
Table 2 lists the eight characteristic parameters used in the
DSAEF_LTP model and their corresponding physical
meanings. The parameters specifying the similarity regions
had 15 values in the early stage of model development; we
added a further five similarity regions, which were the
16th–20th values of the similarity region in Table 2, bases on
the results of Jia et al. (2020). The number of values of each
parameter is listed in the last column of the table, and the total
number of combinations used for the ensemble forecast is given at
the bottom of the table. Each combination constituted a
forecasting scheme. From comparison of the threat score for
each scheme, we determined the “best scheme” for forecasting the
accumulated precipitation of LTCs.

We designed two groups of experiments. The first group
introduced three factors (the tropical cyclone track, the
landfall season and the intensity) (Ding et al., 2020) and the
first 15 types of similarity region were selected and recorded as
DSAEF_LTP-1. There were 1,620,000 schemes in this group of
experiments under ideal conditions. The new similarity
regions were added in the second group of
experiments—that is, the similarity regions had a total of 20
values, recorded as DSAEF_LTP-2, and there were 2,160,000
prediction schemes in the ideal state. Because the values
corresponding to the similarity regions and the number of
similar tropical cyclones were not always available, the
ensemble size for actual prediction scheme was often
smaller than for the ideal scheme.

We focused on the threshold of accumulated precipitation
at 100 and 250 mm. The threat score of accumulated
precipitation ≥100 mm was defined as TS100 and the
threat score of accumulated precipitation ≥250 mm was
TS250. The sum of the two was TSsum (TSsum � TS250 +
TS100) and the best scheme was the scheme with the
largest TSsum. The 22 training samples were used in
simulation experiments to screen out the best schemes
and then these best schemes were used to carry out the
forecast experiments on the 11 independent samples. The
results of the forecast were compared with those of the four
numerical models (ECMWF, GFS, GRAPES and SMS-
WARMS).

4 RESULTS

4.1 Simulation Experiment of Training
Samples
The DSAEF_LTP model was used to forecast accumulated
precipitation ≥100 and ≥250 mm for the 22 training sample
tropical cyclones for the two configurations DSAEF_LTP-1
and DSAEF_LTP-2. Figure 3 shows the distribution of the
threat score for the two groups of experiments, where the
abscissa (TS250) is the threat score of accumulated
precipitation ≥250 mm and the ordinate (TS100) is the
threat score of accumulated precipitation ≥100 mm. Each
point represents a forecast scheme and the red point is the
maximum TSsum, which is defined as the best scheme.

Table 3 gives the parameter values of the best schemes for the
two groups of experiments. According to Figure 3, TSsum
(TS250 + TS100) of the best scheme of DSAEF_LTP-1 was
0.1239 (0 + 0.1239) and TSsum (TS250 + TS100) of the best
scheme of DSAEF_LTP-2 was 0.1883 (0.0526 + 0.1357). The
overall simulation ability was improved after adding new
similarity regions for both accumulated precipitation ≥250 and
≥100 mm.

4.2 Independent Sample Forecast
Experiment
4.2.1 Comparison Between Methods
To test the forecasting performance of the DSAEF_LTP
model, accumulated landfall precipitation was predicted
with the best schemes of the two groups of simulation
experiments for 11 independent tropical cyclone samples
from 2016 to 2019. The prediction results were compared
with those of the four numerical models (ECMWF, GFS,
GRAPES and SMS-WARMS). Figure 4 shows that the
forecasting performance of the DSAEF_LTP model was
acceptable for accumulated precipitation ≥100 mm, ranking
in the middle position compared with the four dynamic
models. The TSsum of DSAEF_LTP-1 was 0.1355, which
was better than scores for the GRAPES (0.1131) and SMS-
WARMS (0.0943) models.

Figure 5 shows the threat score for each independent sample
forecast by the DSAEF_LTP model and the four numerical
models. Figure 5A shows that the DSAEF_LTP model has no
forecasting performance for northward-moving typhoons for the
accumulated precipitation threshold ≥250 mm: the TS250 being 0
for both model DSAEF_LTP configurations. Among the 11
independent samples only four tropical cyclones (TC1619, TC
1817, TC1821 and TC 1912) had an accumulated precipitation
≥250 mm. The northward-moving typhoons brought less
accumulated precipitation ≥250 mm to the north of the
Yangtze River, with only one and two stations with
accumulated precipitation ≥250 mm (TC1619 and TC 1817,
respectively). It was therefore difficult to accurately forecast
precipitation ≥250 mm.

Figure 5B shows the threat scores for precipitation ≥100 mm.
For TC1808 and TC1809, there were only three and two stations,
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respectively, with accumulated precipitation ≥100 mm and none
of the models successfully predicted this precipitation threshold.
The DSAEF_LTP model was better than the four numerical
models in predicting landfalling typhoon precipitation for

TC1616, TC1711, TC1814 and TC 1817. Only the
DSAEF_LTP model predicted ≥100 mm precipitation for TC
1814. For the predictions of TC1619, TC 1811, TC1821 and
TC 1912, the models with the highest threat score were GRAPES,

FIGURE 3 | Scatter plots of the threat scores for (A) DSAEF_LTP-1 and (B) DSAEF_LTP-2.

TABLE 3 | Parameter values of the best schemes.

DSAEF_LTP-1 DSAEF_LTP-2

Initial time 1 1
Similarity region 2 20
Threshold of the segmentation ratio of a latitude extreme point 1 3
Overlapping percentage threshold of two tropical cyclone tracks 4 6
Seasonal similarity 1/2 1/2
Intensity similarity (4, 5) (2, 5)
Number of tropical cyclones with the top closest similarity 3 7
Ensemble forecast scheme 2 2

FIGURE 4 | Comparison of the average threat score of different models for independent sample precipitation forecasts.
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ECMWF, SMS-WARMS and GFS, respectively; the threshold for
TC1916 was predicted by the GFS model only. The number of
TCs for which the DSAEF_LTP model threat score ranked
highest exceeded that of the four dynamic models. For the two
sets of experiments, DSAEF_LTP-1 was better than DSAEF_LTP-
2 in predicting TC1616, TC1711, TC1817 and TC 1821. The
forecast performance was improved in the predictions of TC1619,
TC 1811, TC1814 and TC1912 after adding the new similarity
regions.

4.2.2 Analysis of Typical Examples
To better compare the prediction performance of the
DSAEF_LTP model with the four numerical models, we
selected two typhoons for in-depth analysis: TC1616 with the
largest difference in threat score between DSAEF_LTP-1 and
DSAEF_LTP-2; and TC 1912 for which the forecast performance
of the numerical model was better than the DSAEF_LTP model.
The maximum accumulated precipitation of TC1616 was in the
range 100–250 mm and the threat score of DSAEF_LTP-1
(TSsum � 0.6308) was better than that of the four numerical
models and of DSAEF_LTP-2 (TSsum � 0.0189). The threat score
of the DSAEF_LTP-2 model for TC1912 was higher than that of
the DSAEF_LTP-1 model, but the prediction performance was
poor compared with the ECMWF, GFS and GRAPES models.
Figure 6 (TC1616) and Figure 7 (TC 1912) show the field
distribution of precipitation for these two tropical cyclones for
observations and as predicted by the two DSAEF_LTP
configurations and the four numerical models.

Compared with the observations (Figure 6A), the
DSAEF_LTP-1, ECWMF and GFS models (Figures 6B,D,E)
all capture precipitation ≥100 mm well for TC1616. The
DSAEF_LTP-1 model performs best in all models, and the
distribution of the precipitation fields was more similar to the
observations than other models. The DSAEF_LTP-2 model
(Figure 6C) does not show the heavy precipitation center, and
the GRAPES (Figure 6F) and SMS-WARMS (Figure 6G) models
have no forecasting performance for the higher precipitation
thresholds.

Figure 6A shows that the northernmost end of the forecast
track corresponding to the best scheme of the DSAEF_LTPmodel
reaches only the northern part of Jiangxi and does not enter the
northern region. Due to the increased number of similarity
regions for the DSAEF_LTP-2 model, the selected historically
similar tropical cyclones of DSAEF_LTP-2 also increase. The
tropical cyclones with high similarity are mainly concentrated in
the southeastern coastal area and do not penetrate into the
northern region. These tropical cyclones are therefore not
sufficiently representative to forecast the precipitation of
northward-moving typhoons, leading to a poor precipitation
forecast performance. This is the reason the average threat
score of the DSAEF_LTP-2 model was lower than that of the
DSAEF_LTP-1 model in the forecast experiment. Extending the
track of typhoons to select more representative historically
similar tropical cyclones will help to improve the forecasting
performance of the DSAEF_LTP model if we use vortex
identification technology for the residual vortices.

FIGURE 5 | Comparison of the threat score of different models for the precipitation forecasts of individual tropical cyclones (A) ≥250 and (B) ≥100 mm.
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For TC 1912, the DSAEF_LTP and SMS-WARMS model
(Figures 7B,C,G) did not capture the precipitation field
≥250 mm. The patterns of the DSAEF_LTP model were
relatively consistent with the observations in the precipitation

field ≥100 mm (Figure 7A), but there were many forecast misses
and the forecast range for heavy rainfall was relatively small.
However, the occurrence of forecast misses of the DSAEF_LTP-2
model was improved compared with the DSAEF_LTP-1 model.

FIGURE 6 |Distribution of the accumulated precipitation field for TC1616 (TyphoonMeranti). (A)Observed track and the (B)DSAEF_LTP-1, (C)DSAEF_LTP-2, (D)
ECMWF, (E) GFS, (F) GRAPES and (G) SMS-WARMS models.
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Overall, the GFS model (Figure 7E) performed best and the SMS-
WARMS model (Figure 7G) had the poorest performance.

Figure 8 shows the track and precipitation field distribution of
the historical similar tropical cyclones corresponding to the best

scheme for TC 1912. Figures 8A–C show the best similar tropical
cyclones corresponding to the DSAEF_LTP-1 model and Figures
8A–G show the seven best similar tropical cyclones corresponding
to the DSAEF_LTP-2 model. TC1912 Lekima was a rare

FIGURE 7 |Distribution of the accumulated precipitation field of TC 1912 (Typhoon Lekima). (A)Observed track and the (B)DSAEF_LTP-1, (C)DSAEF_LTP-2, (D)
ECMWF, (E) GFS, (F) GRAPES and (G) SMS-WARMS models.
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northward-moving strong tropical cyclone. After entering Laizhou
Bay, Shandong, it rotated and moved less. It was affected by the
continuous transport of water vapor by the tropical cyclone
circulation and cold air flowing southward under the guidance

of an inverted trough, which brought a large amount of heavy
precipitation to the northern region. However, Figure 8 shows that
the aerial range of heavy precipitation brought to the northern
region by the best similar tropical cyclones was generally not large.

FIGURE 8 | Track and precipitation field distribution of the best tropical cyclones similar to TC 1912 (Typhoon Lekima).
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Few historical strong tropical cyclones with ≥250 mmprecipitation
moved northward to Shandong and none of the optimum similar
tropical cyclones produced heavy precipitation ≥250 mm in
Shandong. This is the reason the DSAEF_LTP model does not
report a heavy precipitation center with accumulated precipitation
≥250 mm in Shandong and the accumulated precipitation forecast
for the northern region was generally poor.

4.2.3 Forecast Score of STS
Figure 9 shows that the largest value of the STS was mainly in the
southern coastal area in the forecast of accumulated precipitation
in the DSAEF_LTP model for both ≥100 or ≥250 mm
precipitation, whereas the STS in the northern area was
generally not high. This indicates that the forecast
performance of the DSAEF_LTP model was better for typhoon
precipitation in the southern region. We need to further analyze
the possible causes of extreme precipitation caused by northward-
moving typhoons and improve the DSAEF_LTPmodel to make it
suitable for the forecast of precipitation caused by these typhoons.

This analysis shows that the DSAEF_LTP model can generally
predict the morphological distribution of the precipitation field. The
DSAEF_LTP-2 model, which has an increased number of similarity
regions compared with the DSAEF_LTP-1 model, improved the
issue of forecast misses. The poor landfall rainfall prediction for
some tropical cyclones by the DSAEF_LTP model may be because
the prediction track of the target tropical cyclone and the official
track of the best historical similar tropical cyclones do not penetrate
the northern region. Also the historical tropical cyclone may have
different background conditions (such as the westerly trough,
vertical wind shear or water vapor transport) from the target
tropical cyclone, leading to a lack of representativeness of the
best similar tropical cyclones. We could extend the tropical
cyclone track and introduce these background conditions into the
DSAEF_LTP model as similarity variables to further improve the
prediction performance of the model.

5 SUMMARY AND DISCUSSION

We carried out two groups of simulation experiments with
(DSAEF_LTP-2) and without (DSAEF_LTP-1) new similarity

regions based on the DSAEF_LTP model with GIV including
tropical cyclone track, landfall season and tropical cyclone
intensity. We selected the northern region of the Yangtze
River (including Jiangsu, Shandong, Hebei, Tianjin, Beijing,
Liaoning, Anhui and Henan provinces) for the experiments.
We selected 22 typhoons from 2004–2015 as training samples
to identify the best schemes for the two groups of experiments.
The best schemes were then used to predict the precipitation of 11
typhoons from 2016–2019. The forecast results were compared
with those of four numerical models (ECMWF, GFS, GRAPES
and SMS-WARMS). Our main results can be summarized as
follows.

1) The simulation ability of the DSAEF_LTP model for
northward-moving typhoons improves after adding new
similarity regions; the simulation of TS250 and TS100
increased from 0 to 0.1239 to 0.0526 and 0.1357, respectively.

2) In the forecast experiment, the threat scores of the
DSAEF_LTP-1 and DSAEF_LTP-2 models for accumulated
precipitation ≥250 mm were both 0 and for accumulated
precipitation ≥100 mm were 0.1355 and 0.099, respectively.
The forecasting performance of the DSAEF_LTP model for
TS100 was better than that of the GRAPES and SMS-WARMS
models.

3) The analysis of typical typhoons (TC1616 and TC 1912) and
comparison with the four numerical models showed the
DSAEF_LTP model can predict the distribution of
precipitation fields similar to the observations. However,
because the forecast track and the tracks of similar
historical tropical cyclones do not penetrate north and
there were few historical northward-moving strong
typhoons, the selected best historical tropical cyclones were
not sufficiently representative and it was difficult to capture
the heavy precipitation center. This restricted the prediction
performance of the DSAEF_LTP model.

For the DSAEF_LTP model, it was the first time it has been
applied to a large-sample experiment of northward-moving
typhoons. It has shown that the prediction performance of the
DSAEF_LTP model was comparable to that of the dynamic
models. For the number of TCs with the highest threat score

FIGURE 9 | STS distribution of the forecast for independent samples with DSAEF_LTP-1 (A) ≥100 and (B) ≥250 mm.
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generated by the models, the DSAEF_LTPmodel exceeded that of
dynamical models. The prediction performance of the
DSAEF_LTP model has been affirmed and is expected to be
further improved.

Jia et al. (2020) used the DSAEF_LTP model to conduct a
simulation experiment for TC1912 Lekima and showed that the
simulation ability of the DSAEF_LTPmodel ranked second in the
prediction models, whereas the threat score for Lekima ranked
fourth in our study. However, the best scheme in our study was
selected through a large sample simulation experiment and is
different from that of Jia et al. (2020). In addition, Jia et al. (2020)
considered the whole of China, whereas we considered only
northern China. This explains why the prediction performance
for TC1912 Lekima was different in the two studies.

The best scheme in the simulation experiment performed well
in the DSAEF_LTP model and, with the improvement in the
similarity regions, the simulation ability of the model also
increased significantly. However, it did not show any
advantages over the dynamic model of the simulation stage in
the independent sample forecast experiment. After adding
similarity regions, its prediction performance was lower than
before the improvement. This may be because the prediction
performance of the DSAEF_LTP model depends on the
independent samples and the scheme selected.

Considering that the forecast performance ofDSAEF_LTPmodel
was good over the southern coast, but limited over northern China,
further research is required to improve the model’s forecast
performance in the north. It is important to develop vortex
identification technology for residual vortices to extend the
tropical cyclone track data because a residual vortex from not
recorded in the tropical cyclone dataset can generally produce

heavy rainfall in the north. The GIV of the DSAEF_LTP model
currently includes only three factors, and no environmental factors.
Considering that environmental factors (e.g., mid-latitude systems
and subtropical highs) are important for the precipitation of
northward-moving typhoons in the north, we need to introduce
environmental factors into the GIV. These modifications should
produce a better prediction performance of the DSAEF_LTPmodel.
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