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Abstract: The Yangtze River Delta (YRD) is an important economic region in China. Heavy winter
rainfall may pose serious threats to city operations. To ensure the safe operation of the city, meteo-
rological departments need to provide forecast results for the Spring Festival travel rush weather
service. Therefore, the extended-range forecast of winter rainfall is of considerable importance. To
solve this problem, based on the analysis of low-frequency rainfall and the intra-seasonal oscillation
of atmospheric circulation, an extended-range forecast model for winter rainfall is developed using
spatiotemporal projection methods and is applied to a case study from 2020. The results show that:
(1) The precipitation in the YRD during the winter has a significant intra-seasonal oscillation (ISO)
with a periodicity of 10–30 d. (2) The atmospheric circulations associated with winter rainfall in the
YRD have a significant characteristic of low-frequency oscillation. From a 30-day to a 0-day lead, large
modifications appear in the low-frequency atmospheric circulations at low, mid, and high latitudes.
At low latitudes, strong wet convective activity characterized by a negative OLR combined with a
positive RH700 correlation coefficient moves northwestward and covers the entire YRD. Meanwhile,
the Western Pacific subtropical high (WPSH) characterized by a positive Z500 anomaly enhances
and lifts northward. At mid and high latitudes, the signal of negatively correlated Z500 northwest
of Lake Balkhash propagates southeastward, indicating the cold is air moving southward. Multiple
circulation factors combine together and lead to the precipitation process in the YRD. (3) Taking the
intra-seasonal dynamical evolution process of the atmospheric circulation as the prediction factor,
the spatiotemporal method is used to build the model for winter mean extended-range precipitation
anomaly tendency in the YRD. The hindcast for the recent 10 years shows that the ensemble model
has a higher skill that can reach up to 20 days. In particular, the skill of the eastern part of the YRD
can reach 25 days. (4) The rainfall in the 2019/2020 winter has a significant ISO. The ensemble model
could forecast the most extreme precipitation for 20 days ahead.

Keywords: extended-range forecast; Yangtze River Delta; intra-seasonal oscillation; winter rainfall

1. Introduction

Extreme weather events have increased in recent years. An accurate weather forecast
is an important method for disaster prevention and reduction, which can reduce economic
and social losses [1]. In the winter, heavy rainfall may pose serious threats to city oper-
ations [2,3]. In addition, winter rainfall or snowstorms in the winter have caused great
losses to agriculture. Winter rainfall has raised human attention in recent years. As one of
the most urbanized and economically developed regions, the YRD region is of strategic
importance in China’s modernization and development [4]. Heavy rainfall occurred in
this place occasionally in the winter of recent years [5]. If we are able to predict such
precipitation for 10 days or even longer prior, actions can be taken in advance so that a
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large amount of social losses can be reduced and much damage to cities can be avoided.
However, the extended-range forecasts of winter rainfall are scarce in the YRD.

The winter climate in the YRD is significantly influenced by both seasonal and intra-
seasonal signals [5]. Large-scale SST anomalies lead to atmospheric circulation anomalies,
which in turn affect winter precipitation. El Niño–Southern Oscillation (ENSO) is one of
the most important reasons. In El Niño winters, an anomalous large-scale anticyclone over
the tropical western North Pacific carries the ENSO impacts to East Asia. This anomalous
anticyclone caused by a combined effect of the local air–sea interaction mechanism is one
of the possible cases of rainy winters [6]. In addition, intra-seasonal modes can also alter
large-scale circulation and cause winter precipitation anomalies [7–11]. For example, the
long-lasting rain and snow disaster in January 2008 lasted for more than 20 days. The
four peaks during the rainfall process were related to significant intra-seasonal modes.
This indicated that the precipitation had complex multiscale characteristics and ISO is an
important mode of atmospheric circulation during the rainfall process [12–14].

The extended-range forecast period is between 10 and 30 days, which lies between
a weather forecast and a short-term climate forecast, also being one of the keys to ac-
tive disaster prevention and reduction. In terms of predictability, the initial value of the
extended-range forecast is constrained by the rapid growth of prediction errors over 10 days.
The operational forecasting models developed by weather forecasting institutions (ECMWF,
NCEP, BCC, etc.) generally have the ability to perform extended-range forecasts for sum-
mer precipitation in the East Asian monsoon region and are able to make predictions for
about two weeks ahead, then the accuracy quickly decreases, resulting in a significant gap
for operational demand [15,16]. For example, Climate Forecast System version 2 (CFSv2)
predictions show a warm bias for the climatological mean surface air temperature over the
Yangtze River valley [17]. At the same time, the reception of the slowly varying signals
from underlying surfaces such as the ocean, sea ice, and land surface is insufficient. There-
fore, the difficulty in extended-range forecasts mainly comes from the lack of predictable
sources [18,19]. In recent years, the prediction performance of ISO in dynamic models has
been largely improved, but its intra-seasonal forecasting skills are still not high [20,21].
Therefore, under current conditions, statistical forecasting methods based on predictable
sources such as ISOs still play an important role in extended-range forecasts. Chinese
scholars have successively developed several statistical forecasting methods, such as the
low-frequency synoptic map [22,23] and the dynamical–statistical model [24–26], which
have achieved much progress. The spatiotemporal projection method proposed by Hsu
et al. focuses on the impact of the evolutions of the atmospheric circulation on precipita-
tion on the extended-range timescale, providing a new inspiration for the extended-range
forecast [27,28].

Many circulation factors can affect precipitation in the YRD, and the statuses of the
factors vary. In fact, predictable signals of the extended-range timescale often come from
the continuous propagation and coupling of the atmosphere ISO signals from different
sources at different latitudes. Due to the complexity of the ISO in periodicity, spatial
structure, and moving characteristics, dynamical models are still unable to reflect the
propagation characteristics of East Asian ISO signals [29–32]. It is still difficult to predict
the precipitation in this region solely by dynamical models. In order to solve the problem
of winter precipitation forecasting for the YRD, this study analyzed the evolution process
of atmospheric circulation at different latitudes before winter precipitation in this region.
The spatial propagation process of the atmospheric circulations in key areas is used as the
prediction factor, and the spatiotemporal projection method is used to build the forecast
model of extended-range winter precipitation in the YRD. This model will provide new
technical support for meteorological disaster prevention and reduction and serve major
activities in the YRD.

Different from previous studies, in this study, we will focus on developing an extended-
range forecast method for winter rainfall forecasting, which can be used by meteorological
departments to provide forecast results for the Spring Festival travel rush weather service.
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Based on the relationship between winter rainfall and ISO in atmospheric circulation, we
will search for precursor factors and establish an extended-range forecast model using
statistical methods. Next, we will test the model and analyze a case from 2020. This
paper is arranged as follows: The data sources and analysis techniques are described in
Section 2. Section 3 presents the winter rainfall low-frequency oscillation, and Section 4
investigates the dominant ISO mode of atmospheric circulation associated with winter
rainfall. In Section 5, the extended-range forecast model is constricted and evaluated.
Section 6 presents the analysis case during the 2019/2020 winter . Section 7 summarizes
the conclusions.

2. Data and Methodology
2.1. Observation Data and Reanalysis Data

The YRD includes Shanghai and the provinces of Jiangsu, Zhejiang, and Anhui; the
total area is close to 358,000 km2 (Figure 1). The data used in this research are listed
as follows. (1) The daily rainfall dataset from 62 observatories in the YRD from 1991 to
2020 is from the China Meteorological Administration (CMA) National Meteorological
Information Center [33]. The distribution of the observatories is shown in Figure 1. (2) The
daily atmospheric circulation data are supplied by the National Centers for Environmental
Prediction National Center for Atmospheric Research (NCEP–NCAR) reanalysis of the
U.S. data [30]. The following large-scale variables are selected as predictors. OLR and
atmospheric variables from the NCEP–NCAR reanalysis, including relative humidity at
700 hPa (RH700) isobaric surface, the geopotential height at 200 hPa (Z200) and 500 hPa
(Z500) isobaric surface, and horizontal and vertical wind components at 850 hPa (U850;
V850) and 200 hPa (U200; V200) isobaric surface. All datasets span from 1991 to 2020, with
a horizontal resolution of 2.5◦ × 2.5◦ (longitude × latitude).
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2.2. Statistical Analysis Methods

This study focuses on the extended-range forecast of winter rainfall in the YRD. The
first goal of the current study is to determine the dominant period of intra-seasonal rainfall
variation in the YRD. To accomplish this goal, the average of the observation data are
calculated, and the daily average precipitation time series of the 62 observatories in the
YRD is fetched. To illustrate the determining period of intra-season rainfall in the Yangtze
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River Delta, a power spectrum analysis is used to calculate the variance contribution of
the waves at different frequencies. The Markov “red noise” spectrum is used to check the
confidence of the power spectrum [32].

Once the dominant period is known, the dominant ISO signal needs to be extracted
from the raw atmospheric data. Since our aim is to build a forecast model for real-time
prediction, to avoid the tapering problem, we chose a non-filtering method by Hsu et al. [27]
to obtain low-frequency signals. The advantage of this method is that it can immediately
access the low-frequency signal for forecasting, and it has been applied in forecasting
experiments on the low-frequency precipitation signal in different regions. The non-
filtering method is divided into three main steps as follows. The first step is to remove
the slowly varying climatologic annual cycle. In order to obtain the climatological annual
cycle, a climatological 90-day low-pass-filtered component is subtracted from the original
pentad-mean data. Secondly, to remove low frequency signals longer than 60 days, a
30-day running mean is removed to reserve the low-frequency component between 10 and
60 days. The third step aims to remove the high-frequency component such as synoptic-
scale disturbances less than 10 days, so a 5-day running mean is calculated. The intra-
seasonal variation component is retained after the three steps above.

In order to determine the variation characteristics of low-frequency systems associ-
ated with winter rainfall, we calculate the temporal correlation coefficients and use the
t-test method of effective degrees of freedom to test the significance of the correlation
coefficient [32].

After correlation analysis, the dominant large-scale variables are selected as predictors
to forecast winter rainfall. The forecast model is based on a spatial–temporal projection
model (STPM) [27]. The advantage of the STPM is the ability to extract the coupled patterns
between the large-scale predictor and regional rainfall evolution. The calculation steps for
the spatiotemporal projection method are listed as follows. For a specific forecast time T, the
low-frequency components of the atmospheric circulation elements 1–5 pentads (5–30 days)
before T is used as the predictand. The precipitation low-frequency component 2–6 pentads
(10–40 days) after T is the forecast target. SVD is used to find the spatiotemporal coupling
relationships. Then, hindcasts or independent forecasts are completed. The atmospheric
circulation elements field in the key area 1–5 pentads before the forecast time T are projected
into SVD left singular vector fields to obtain the time series for the left fields. Based on the
high correlation between the time series for the left and right SVD fields, we use the time
series for the left fields to substitute the time series for the right fields. Combined with the
SVD right singular vector fields, we are able to predict the precipitation 2–6 pentads after
the forecast time T.

The anomaly correlation coefficient (ACC) is used to test the effect of the method. The
ACC is defined as (1)

ACC =
∑i,j,k L(j) f ′ i,j,kt′ i,j,k√

∑i,j,k L(j) f ′2i,j,k∑i,j,k L(j)t′2i,j,k

(1)

where the symbol ‘ represents the difference in climatology, L(j) is the weight factor when
the latitude is j, and L(j) is defined as (2)

L(j) =
cos(lat(j))

1
Nlat

∑Nlat
j cos(lat(j))

(2)

The ACC can represent the similarity in two fields. The closer the absolute value of
ACC is to 1, the more similar the two fields are.

3. Low-Frequency Characteristics of Winter Rainfall

In order to examine the intra-seasonal variation characteristic in winter rainfall, the
spectrum of the daily rainfall time series averaged over the YRD is displayed in Figure 2.
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According to the power spectrum of the daily average precipitation of the observatories
in the YRD in the winters (1 December–28 February) of 1991–2020, the winter rainfall has
two significant peaks at 14–20 days and 25–35 days, respectively, which are statistically
significant at the 90% confidence level. Considering inter-annual differences, we will
focus on 10–30 d rainfall in the following analyses and its association with low-frequency
atmospheric circulations.
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4. Dominant ISO Mode of Atmospheric Circulation Associated with Winter Rainfall

Previous research shows that continuous winter precipitation in the YRD is related
to intra-seasonal circulations [6]. In this section, we focus on finding out the relationship
between regional rainfall evolution and low-frequency atmospheric circulation. The first
step in establishing a forecasting model for winter rainfall involves analyzing the dominant
ISO mode of atmospheric circulation that is associated with regional rainfall evolution.
The study of the correlation map of previous meteorological fields is the basis for the
establishment of forecasting models. We carry out a temporal correlation coefficient analysis
to reveal the large-scale intra-seasonal signals that could affect regional winter rainfall.

Figure 3 shows the correlation maps of the 30-day, 25-day, 15-day, 10-day, and 0-day
lead gridded OLR and RH700 fields. From the 30-day to the 15-day lead, negative OLR
and the positive RH700 correlation coefficient are maintained in the North Pacific Ocean,
and they move westward and cover the entire YRD from the 10-day to the 0-day lead time.
This indicates the characteristic of strong moist convective activity during rainfall.

Figure 4 shows the correlation pattern between the wind field and winter rainfall. It
reflects the shifting characteristics of the atmospheric circulation related to precipitation.
In the low level (850 hPa), anti-cyclonic and cyclonic correlations over the Western Pacific
(WP) and the Yellow River region from the 25-day to the 15-day lead time are shown.
From the 10-day to the 0-day lead time, the anti-cyclonic over the WP intensified and
moved northwestward, and the cyclonic over the Yellow River region intensified and
moved southeastward, resulting in a convergence center in the YRD, and the westerly
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strengthened. At the 0-day lead time, an anomalous convergence center was formed in the
low troposphere over the YRD. An anti-cyclonic correlation of the upper level (200 hPa)
was formed over the west of Lake Baikal at the 25-day lead time. Meanwhile, a cyclonic
correlation was laid on the YRD. From the 10-day to the 0-day lead time, the anti-cyclone
and cyclone moved southeastward. At the 0-day lead time, an anomalous divergence
center was formed in the upper troposphere over the YRD.

Figure 3. Temporal correlation coefficients (color-shaded) maps of preceding outgoing longwave
radiation (OLR) and 700-hPa relative humidity (RH700) with the intra-seasonal component of daily
precipitation averaged from 30- to 0-day leads over the YRD. Cross areas denote values at the 95%
confidence level determined by Student’s t-test. The numbers 1−5 denote leads of 30, 25, 15, 10, and
0 days, respectively.
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Figure 4. Temporal correlation coefficient maps of 850-hPa (left) and 200-hPa (right) winds with the
intra-seasonal component of daily precipitation averaged from 30- to 0-day leads over the YRD. The
bold vector arrows indicate the vector correlation coefficients values at 95% confidence level by t-test.
The numbers 1–5 denote leads 30, 25, 15, 10, and 0 days, respectively.

At the 25-day lead, the signal of the negatively correlated Z500 in the northwest of
Lake Balkhash was identified. From the 25-day to the 10-day lead, the negative correlation
propagated southeastward, indicating the cold air was moving southward. Meanwhile,
a positive correlation strengthened in the WP, which indicates the enhancement of the
Western Pacific subtropical high (WPSH). At the 0-day lead, the rainfall occurred with the
negative and positively correlated Z500 signals in the YRD. The evolution characteristics of
atmospheric circulation at Z200 are the same (Figure 5).
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Figure 5. Temporal correlation coefficient maps of 200 hPa and 500 hPa geopotential height with
the intra-seasonal component of daily precipitation averaged from 30- to 0-day leads over the YRD.
Cross areas denote values at the 95% confidence level determined by Student’s t-test. Red dashed
lines with arrows indicate the movement of the key signals. The numbers 1–5 denote leads 30, 25, 15,
10, and 0 days, respectively.

5. The Construction and Evaluation of the Forecast Model

The above analysis showed that the winter rainfall is closely related to low-frequency
atmospheric circulation. At high latitudes, there is a negative geopotential height anomaly
east of the Ural Mountains, and it moves southeastwards, which favors the movement of
cold air southward, reaching the YRD. Due to the positive geopotential height anomaly
in the southern part, the cold and warm airflows converge and maintain over the YRD.
Additionally, the relative humidity in 700 hPa turns from a dry phase into a wet phase, and
the westerly in the lower troposphere (850 hPa) strengthens. The above factors combined
together lead to precipitation in the YRD.

According to the evolution characteristic of the circulations affecting winter precipi-
tation in the YRD, the key area of the forecast model is selected as 22.5–127.5◦ E, 0–55◦ N.
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Based on the correlation between rainfall and intra-seasonal atmospheric circulation, STPM
is used to build the forecast models. All the datasets are processed to a 5-day mean to be
transferred into pentad data. Then, winter rainfall data from 1991–2010 is taken as the
training material. Based on the evolution characteristics of the circulation factors affecting
winter precipitation in the YRD, we select 22.5–127.5◦ E, 0–55◦ N as the forecast key area.
Based on the circulation factors in the key area and low-frequency precipitation in the
YRD in 1991–2010, using SVD, a statistical forecast model for low-frequency precipita-
tion in the YRD is trained. Taking the pentadly mean ISO component of the circulation
factors 5–30 days ahead (1–5 pentads) in the forecast key area as the forecast factor and
the pentadly mean low-frequency rainfall 10–30 days after (2–6 pentads) as the forecast
target, referring to the spatiotemporal projection method, the pentadly extended-range
forecast model for winter precipitation in the YRD is established and hindcasts for winters
in 2011–2019 are calculated pentadly. The ACC between the hindcast results and ground
truths is shown in Figure 6. The result shows that the score for model ensemble results is
slightly higher than those for the single-factor models. Although the ACC score decreases
as the lead time increases, the results for lead times less than 20 days still pass the 90%
significance test, showing that the results for lead times less than 20 days are meaningful.

Atmosphere 2024, 15, x FOR PEER REVIEW 9 of 14 
 

 

to be transferred into pentad data. Then, winter rainfall data from 1991–2010 is taken as 
the training material. Based on the evolution characteristics of the circulation factors af-
fecting winter precipitation in the YRD, we select 22.5–127.5° E, 0–55° N as the forecast 
key area. Based on the circulation factors in the key area and low-frequency precipitation 
in the YRD in 1991–2010, using SVD, a statistical forecast model for low-frequency precip-
itation in the YRD is trained. Taking the pentadly mean ISO component of the circulation 
factors 5–30 days ahead (1–5 pentads) in the forecast key area as the forecast factor and 
the pentadly mean low-frequency rainfall 10–30 days after (2–6 pentads) as the forecast 
target, referring to the spatiotemporal projection method, the pentadly extended-range 
forecast model for winter precipitation in the YRD is established and hindcasts for winters 
in 2011–2019 are calculated pentadly. The ACC between the hindcast results and ground 
truths is shown in Figure 6. The result shows that the score for model ensemble results is 
slightly higher than those for the single-factor models. Although the ACC score decreases 
as the lead time increases, the results for lead times less than 20 days still pass the 90% 
significance test, showing that the results for lead times less than 20 days are meaningful. 

To further assess the model performance, the rainfall is predicted every 5 days during 
the winters in the period of 2011–2019. The ACC at each point is computed to evaluate the 
spatial structure of predictive skill (Figure 6). The correlation coefficient for each member 
decreases with increasing lead times. However, most of the members’ forecasting skills 
still pass the significance test within 20 days. The most skillful member is the ensemble 
forecast: it passes the significance test almost at a lead time of 23 days. 

The TCC between the hindcast results and ground truths with ensemble members is 
shown in Figure 7. The forecast skill decreases with lead time in the entire region. The skill 
in the eastern region, on the whole, surpasses that in the western region. This assessment 
indicates that the winter rainfall model is skillful for up to 10–20 days in the whole area, 
especially up to 25 days in the east. 

 
Figure 6. Pentadly ACC between hindcast results and ground truths in the winters of 2011–2019 in 
the YRD. 

0.1

0.15

0.2

0.25

10d 15d 20d 25d 30d

AC
C

Lead Time (d)

ENS_STPM rhum700
u850 h500
u200 90% confidence level

Figure 6. Pentadly ACC between hindcast results and ground truths in the winters of 2011–2019 in
the YRD.

To further assess the model performance, the rainfall is predicted every 5 days during
the winters in the period of 2011–2019. The ACC at each point is computed to evaluate the
spatial structure of predictive skill (Figure 6). The correlation coefficient for each member
decreases with increasing lead times. However, most of the members’ forecasting skills still
pass the significance test within 20 days. The most skillful member is the ensemble forecast:
it passes the significance test almost at a lead time of 23 days.

The TCC between the hindcast results and ground truths with ensemble members is
shown in Figure 7. The forecast skill decreases with lead time in the entire region. The skill
in the eastern region, on the whole, surpasses that in the western region. This assessment
indicates that the winter rainfall model is skillful for up to 10–20 days in the whole area,
especially up to 25 days in the east.
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6. Case Study

Continuous rain happened during the 2019/2020 winter in the YRD. Taking Shanghai
as an example, we analyze the low-frequency characteristics of the rain and present a
forecasting example. Figure 8 is a power spectrum analysis of daily rainfall at the Shanghai
Station during the 2019/2020 winter. A most significant peak appears at 10–20 days, which
is statistically significant at the 90% confidence level. To illustrate the relationship between
rainy events and their low-frequency characteristics, we plotted the daily rain amount
and the low-frequency rain time series together in Figure 8b. It is worth noting that the
identified winter precipitation occurred during the active phase of the ISO model, which
means that the winter precipitation process in the winter of 2019/2020 is closely related to
the ISO.

The forecast method based on the winter rainfall forecast model was used, and the
predictand was pentad average low-frequency rainfall. Figure 9 shows the forecast results
for the pentad average low-frequency rainfall for the next 3–8 pentads starting from 1
January 2020. The forecast results indicated that there would be rain during the next
5–6 pentads in the YRD (Figure 9c,d), especially in the next sixth pentad. During the next
seventh to eighth pentad, the precipitation phase changed. The forecast results for the
20-day lead were relatively close to the actual rainfall from 21 to 27 January (Figure 8b).
This rainfall process was the most severe one during the 2019/2020 winter.
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Figure 8. (a) The power spectrum (black curve) of the winter daily rainfall time series averaged over
the YRD for the period during the 2019/2020 winter. (The green line denotes the spectrum for Markov
red noise. The blue and red lines denote the 10% and 90% significance tests). (b) Daily precipitation
amount (bar), the persistent rainy events (green lines), and the 10–30-day filtered rainfall anomaly
(red curve) in Shanghai.

Figure 9. The predictands based on the forecast model during the next 3−8 pentads starting from 1
January 2020. (a) is the third pentad, (b) is the fourth pentad, (c) is the fifth pentad, (d) is the sixth
pentad, (e) is the seventh pentad, (f) is the eighth pentad.

7. Results and Conclusions

To ensure the safe operation of a city, meteorological departments need to provide
forecast results for the Spring Festival travel rush weather service. Therefore, the extended-
range forecasts of winter rainfall are of considerable importance to disaster mitigation. To
establish an extended-range forecast model of winter rainfall, we focused on the relationship
between rainfall and ISO in atmospheric circulation, and we searched for correlation
factors and established an extended-range forecast model of winter rainfall using statistical
methods. To assess model performance, the forecast skills for lead pentads were evaluated
by computing the ACC and TCC at each point during the winters of 2011–2019. The results
suggest that the best forecasting effect is achieved by the ensemble model, which can reach
23 days by testing.
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To examine the intra-seasonal variation characteristic in winter rainfall, the power
spectrum of daily rainfall time series averaged in the winters (1 December–February 28)
of 1991–2020 over the YRD is displayed. The results show that the winter rainfall has
two significant peaks at 14–20 days and 25–35 days, respectively, which are statistically
significant at the 90% confidence level. The precipitation in the YRD during the winter has
a significant intra-seasonal oscillation (ISO).

The atmospheric circulations associated with winter rainfall in the YRD have a sig-
nificant characteristic of low-frequency oscillation. From the 30-day to the 0-day lead,
large modifications appear in the low-frequency atmospheric circulations of low-, mid-
and high-latitudes. From the 30-day to the 15-day lead, a negative OLR and the positive
RH700 correlation coefficient are maintained in the North Pacific Ocean, and they move
westward and cover the entire YRD from 10-day to 0-day lead times. This indicates the
characteristic of strong moist convective activity during rainfall. In the low level (850 hPa),
the anti-cyclonic and cyclonic correlations appear over the Western Pacific (WP) and the
Yellow River region from the 25-day to the 15-day lead time. From the 10-day to the 0-day
lead time, the anti-cyclonic over the WP intensified and moved northwestward, and the
cyclonic over the Yellow River region intensified and moved southeastward, resulting in a
convergence center in the YRD, and the westerly strengthened. At the 0-day lead time, an
anomalous convergence center was formed in the low troposphere over the YRD. At the
25-day lead, the signal of the negatively correlated Z500 in the northwest of Lake Balkhash
was identified. As time went on, the negative correlation propagated southeastward, indi-
cating the cold air was moving southward Meanwhile, a positive correlation strengthened
in the WP. which indicated an enhancement in the Western Pacific subtropical high (WPSH).
Then, the rainfall occurred with the negative and positive-correlated Z500 signals meeting
in the YRD. The above factors combined together led to precipitation in the YRD.

These large-scale intra-seasonal signals serve as potential predictors. According to the
evolution characteristic of the circulations affecting winter precipitation in the YRD, the key
area of the forecast model is selected as 22.5–127.5◦ E, 0–55◦ N. Taking the pentadly mean
ISO component of the circulation factors 5–30 days ahead (1–5 pentads) in the forecast key
area as the forecast factor and the pentadly mean low-frequency precipitation 10–30 days
after (2–6 pentads) as the forecast target, referring to the spatiotemporal projection method,
the pentadly extended-range forecast model for winter precipitation in the YRD is es-
tablished, and hindcasts for winters in 2011–2019 are calculated pentadly. Although the
correlation decreases for increasing lead times, the TCC still passes the significance test at
lead times of 15–25 days. The assessment indicates that the winter rainfall model is skillful
up to 10–25 days in the YRD.

Overall, the ensemble forecast showed a better performance than any individual
predictions. The results show that the ensemble model is superior to single-factor models,
and forecast results with a lead time within 20 days are meaningful. Especially, in the
eastern part, this model shows certain skills forecasting 25 days ahead.

The precipitation process in the 2019/2020 winter showed two main periodicities of
10 days and 20 days. The time of the two most severe precipitation processes agreed with
the peak phase of low-frequency precipitation. The ensemble model also predicted the
most severe precipitation in the winter 20 days ahead. Therefore, this model can serve to
forecast winter rainfall.

However, this method also has some shortcomings. Firstly, there are regional differ-
ences in the forecasting effect of the method in the Yangtze River Delta region. The poor
forecast accuracy in the west may be due to topographic factors. Second, the predictand
is pentad mean low-frequency precipitation anomalies, which is different from actual
precipitation. These problems still remain unsolved in our model, and we will possibly
work them out in our future work. On the other hand, in the process of applying the model,
we noticed that as the parameterization schemes for the models gradually improved, the
ability to predict the atmospheric ISO signal greatly increased. It is possible to use the ISO
forecast information from the model to further improve forecast precision and lengthen
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effective lead time. Next, we will improve the prediction method based on the model
forecast information.
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