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Based on the observational hourly precipitation data and the ERA5 reanalysis datasets, the
short-term forecasts of the warm-sector heavy rainfall with warm-type shear line (WRWS)
events over the coastal areas of the Yangtze–Huaihe River (YHR) are investigated in the
regional business model Precision Weather Analysis and Forecasting System (PWAFS).
Evaluations and diagnoses are carried out via objective estimations and composition
analyses for the rainy season of 2017. Results show that the short-term forecasts of
PWAFS are characterized by considerable skills for WRWS events in the coastal areas of
YHR in view of the object-based diagnostic evaluation, which, however, tend to generate
the rain belts with northeast shift phases and weaker intensities. Meantime, the threat
score results for WRWS-associated processes show that the model forecasting skill
declines sharply as the precipitation intensity increases. Moreover, composition
differences of the synoptic-scale thermodynamic characteristics between observations
and forecast results are diagnosed to reveal the possible mechanisms of the short-term
forecast biases toward WRWS. The zonal westerlies are overestimated in the model, while
the southerlies are underestimated in the lower troposphere over coastal areas of YHR,
leading to the northeastward shifted shear line and the absent moisture channel
associated with the East China Sea at the boundary layer. Attributed to these
atmospheric circulation biases, the accumulated warm and moist energy is weaker at
the boundary layer, and hence, the short-term forecasts of the rain-belt location for WRWS
over the YHR coastal areas have northeast shifting phases with weaker intensities of
precipitation in forecasts of the regional business model PWAFS.
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1 INTRODUCTION

During the rainy season, a kind of heavy rainfall often occurs in
the warm sector of cold front or takes place in the warm areas
without cold air influenced (Huang and Coauthors, 1986; Ding
et al., 2004; Luo et al., 2016), which is named as the warm-sector
heavy rainfall (WSHR). There are extraordinary differences
between the WSHR and frontal rainfall in the triggering and
maintaining mechanisms, the dynamic and thermodynamic
structures, and the interaction with large-scale systems and the
meso-scale convective environmental fields (Zhao et al., 2007;
Luo et al., 2016; Luo et al., 2017; Du and Chen, 2018). Compared
with the frontal rainfall events, the WSHR events always feature
more intensive precipitation in a smaller range, which, therefore,
tend to emerge conspicuous risks on agriculture and daily life of
human beings (Tao and Chen, 1987; Ni and Zhou, 2006; Xie et al.,
2006; Zhao et al., 2007; Wu and Luo, 2016).

Generally, small- and meso-scale weather systems are the
direct systems causing heavy rainfall. Meantime, the synoptic
weather system provides necessary conditions or backgrounds for
the smaller-scale weather system. Previous studies have shown
that rainfall in South China is closely associated with synoptic
weather systems such as low-level jet (Du et al., 2015; Chen et al.,
2018; Du and chen, 2018), low vortex (Tao and Ding, 1981;
Ninomiya and Akiyama, 1992; Huang and Meng, 2014; Zhong
et al., 2014), and shear line (Chang et al., 1998; Ding and Chan,
2005).

Among the studies of heavy rainfall in East China, the most
discussed topic is the Meiyu front rainstorm (Li H et al., 2019;
Wang et al., 2019; Guan et al., 2020), whereas few of them have
focused on WSHR. According to the synoptic weather analyses,
WSHR events in the middle and lower reaches of the Yangtze
River are summarized in three types: cold fronts, warm types of
shear line, and edge of subtropical high. Also, warm-sector heavy
rainfall with a warm-type shear line (WRWS) accounts for 68% of
the total (Chen et al., 2018), which is an important part of WSHR
in the Yangtze–Huaihe River (YHR) Basin in China. In addition,
WRWS are both observed in the south of Yangtze River areas
(Yao et al., 2020) and Yellow–Huaihe River areas (Lyu et al.,
2017). The shear line over YHR is a unique weather system in
eastern China. It often occurs in the Meiyu season and is an
important weather scale system that triggers heavy rains over
YHR. Therefore, for the WSHR analysis in the YHR Basin, it is
worth paying enough attention to the characteristics of WRWS.

In fact, the characteristics and mechanisms ofWSHR events in
China have been researched for several decades. However, WSHR
caused by complicated cloud-precipitation microphysical
processes and boundary layer processes often occurs abruptly
and locally, inducing difficulties in both numerical model
predictions and subjective forecasts (Chen et al., 2019).
Previous studies have shown that current global numerical
weather prediction models normally have limited abilities to
predict WSHR events, while the numerical predictability of
regional models and ensemble forecasts have comparably
higher performances (Wang et al., 2017; Chen et al., 2019).
Based on the Advanced Research Weather and Research
Forecasting (WRF-ARW) model (Skamarock et al., 2008), the

Precision Weather Analysis and Forecasting System (PWAFS)
has been developed by Jiangsu Meteorological Bureau, China,
through involving three-dimensional variational data
assimilations and localizing for East China, especially Jiangsu
Province. The PWAFS model shows generally considerable
performances in the prediction of convective systems (Shi
et al., 2021), but the forecasting skills for WRWS have not
been evaluated in detail yet.

In order to further understand the prediction performances of
WRWS in PWAFS and make better use of the model in
forecasting WRWS, the WRWS forecasts over coastal areas of
YHR are evaluated and diagnosed toward the PWAFS model in
this study. The article is structured as follows: the data, model,
and methodology are briefly described in Section 2. Section 3
provides the objective determinations and forecast evaluations of
WRWS over coastal areas of YHR in PWAFS. Afterward, the
WRWS-associated thermodynamic differences between
observations and PWAFS forecasts are investigated to
diagnose possible mechanisms of the prediction biases in
Section 4. A summary and discussion follow in Section 5.

2 DATA, MODEL, AND METHODS

2.1 Observations
The hourly gauge-satellite precipitation data in China, with 0.1° ×
0.1° resolution, are derived from the National Meteorology
Information Center, China Meteorological Administration
(Shen et al., 2014). These hourly precipitation data are merged
by two-step algorithms of the probability density function and
optimal interpolation through more than 30,000 automatic
weather stations over China and Climate Precipitation Center
Morphing (CMORPH) precipitation product. The hourly
atmospheric circulation fields are taken from the European
Center for Medium-Range Weather Forecasts ERA5 reanalysis
datasets at 0.25° × 0.25° resolution for detailed analyses of forecast
evaluations and diagnoses toward the PWAFS model.

In this study, WRWS events over the coastal areas of YHR
(right bottom in Figure 1) are investigated for the rainy season
(April–September, AMJJAS) in 2017. The rainstorm events
associated with typhoon are removed from the precipitation
data using typhoon path data of the Joint Typhoon Warning
Center (JTWC).

2.2 Model Description
The numerical forecast results are derived from the regional
business forecast model Precision Weather Analysis and
Forecasting System (PWAFS) of Jiangsu Meteorological
Bureau, China. It is generally consisted of the WRF-ARW
model version 3.5.1 and three-dimensional variational data
assimilations including the Advanced Regional Prediction
System (ARPS 3DVAR) and the Gridpoint Statistical
Interpolation (GSI 3DVAR) localized for Jiangsu Province.

The system assimilates observations of the surface and
upper air, multiple radar data, the Cross-track Infrared
Sounder, and the Advanced Himawari Imager radiance as
well as plenty of other sources (Li et al., 2016; Li X et al.,
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2019). The model physical schemes utilize the WRF Single-
Moment 6-class Microphysics (Hong, 2006a), the
Monin–Obukhov surface layer (Monin and Obukhov, 1954),
the Noah land surface (Chen and Dudhia, 2001), the Yonsei
University planetary boundary layer (Hong S. Y. et al., 2006),
the rapid radiative transfer model longwave radiation (Mlawer
et al., 1997), the Dudhia shortwave radiation (Dudhia, 1989),
and the Kain–Fritsch cumulus parameterization (Kain and
Fritsch, 1992; Kain, 2004).

The PWAFS model adopts the Lambert conformal conic
projection, covering an area shown in Figure 1. In the
beginning, the model is run using a 15 km resolution
domain (480 × 360 grids) with 42 vertical levels up to
50 hPa. The analyses presented in the study, however, are
produced with a 3 km resolution domain (840 × 840 grids)
nested inside of the parent domain. The parent run is
initialized four times per day and driven by the six-hourly
National Center for Environmental Prediction Final (NCEP
FNL) Operational Global Analysis data with a resolution of
1.0° × 1.0°, which provides the initial and boundary conditions
for the three-hourly nested run with the final model output
generated hourly.

2.3 Methods
Aiming at a more comprehensive evaluation of the PWAFS
forecasts from different aspects, the threat score (TS) and the
method for object-based diagnostic evaluation (MODE) are
employed to assess the forecast performances of WRWS in the
coastal areas of YHR.

The TS score is a primary operational forecast verification
metric for business forecasts of precipitation. A strict point-to-
point calculation is provided in Eq. (1):

TS � NA

NA +NB +NC
, (1)

where NA, NB, and NC are the counts of points where the
precipitation event reaching a given threshold occurs in both the
observation and forecast (hit), in the forecast but not observed
(false alarm), and in the observation but not forecast (miss),
respectively. It is employed here to compare the observations and
predictions point by point without taking the resemblance of
spatial patterns into account.

Meantime, the MODE (Davis et al., 2006), a typical feature-
based displacement approach for spatial diagnoses, is carried out
to further evaluate more aspects of the precipitation forecasts. It
allocates weight and confidence coefficients for predefined
precipitation object attributes and calculates a total interest
function based on a fuzzy logic approach, which quantifies the
similarity between any two objects (Johnson and Wang, 2013).
Four steps are involved in the MODE procedures, i.e., identifying
objects, calculating object attributes, detecting matching objects
between observations and predictions, and evaluating the
similarity of the attributes, which are briefly introduced as
follows and can be found in more detail in Ji et al. (2020).

(1) Identifying objects. To identify the spatial boundary of an
object, the precipitation field is first smoothed with a
convolution radius (two grid points in this study), which
is associated with the precipitation scale. In addition, an
intensity threshold (10 mm/6 h in this study) is used to define
the boundaries of precipitation objects. The original
precipitation field within these boundaries then determines
the precipitation objects.

(2) Calculating object attributes. The overall location of a
precipitating system, its size, and its shape are always
concentrated during verifications of precipitation forecasts,
especially when dealing with extreme weathers (Johnson and
Wang 2013). Therefore, the specific attributes used in our
study include the area coverage of precipitation objects, their
aspect ratio and orientation angle, and their centroid

FIGURE 1 | Domains in the PWAFS model and corresponding topography (m), with the 3 km nested domain marked by the inner brown box. The purple outline
denotes the study area. The coastal areas of YHR are attached at the right bottom.
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location. For matched object pairs, attribute differences in the
four object attributes can be calculated.

(3) Detecting matching objects. Object matching creates a pair
consisting of one object in the forecasts and one object in the
observations. Here, we follow Davis et al. (2006) and
determine paired objects based on their centroid distance
D and their areas. If Eq. (2) is satisfied,

D<
Area0.5o + Area0.5f

2
, (2)

with Areao and Areaf being areas of the observed object and the
forecasted object, respectively, both the objects create a matched
pair. Thus, a matching object pair requires the centroid distance
between both objects to be less than their average size.

(4) Evaluating attribute similarities. For a matched pair, the
similarity of total interest is computed via Eq. (3):

S � ∑
n

i�1ωiciGi

∑
n

i�1ωici
, (3)

where ci and ωi are the confidence value and the weight of the
attribute i, respectively, and n is the number of attributes used.
While the weight depends only on the specific attribute, the
confidence value varies with the sizes and distances of the paired
objects. Gi is the interest value of the matched objects in terms of
attribute i, which quantifies the object attribute similarity as a
monotonic function decreasing from 1 to 0 as the attribute
dissimilarity increases.

3 MODEL FORECASTS OF THE WRWS
OVER COASTAL AREAS OF YHR
3.1 Objective Criteria of WRWS Over
Coastal Areas of YHR
According to previous studies (Luo et al., 2016; Fu et al., 2020)
and the definition of WSHR (Huang and Coauthors, 1986) and
shear line (Ma and Yao, 2015), the determination criteria of
WRWS used in this study are described as follows:

(1) The precipitation within 500 km of the typhoon center
needs to be eliminated according to the JTWC
typhoon path.

(2) The mesoscale rainstorm is defined as a continuous rainfall
area (CRA): (a) where the average precipitation is larger than
5 mm/h with the peak being greater than 20 mm/h; and (b)
whose long axis is larger than 100 km. Parameters such as the
long axis and geometric center point of the CRA are
determined through spatial attribute diagnosis.

(3) The front is defined by the sharp gradient of equivalent
potential temperature at 850 hPa over (20°–40°N and
110°–130°; Fu et al., 2020) If a low-level front exists over
(28°–40°N and 110°–130°E), the CRA must take place at
200 km away from the front; otherwise, the CRA must be
dominated by the southerlies at low levels, and no surface

northerlies exist within a 100 km distance from
CRA (v < 0).

Accordingly, the precipitation satisfying the previously listed
three criteria is defined as WSHR. Moreover, the following
criterion (4) is necessary for a WRWS event:

(4) A shear line exists, and the shortest distance between the
shear line and CRA of WSHR must be between the range of
100 and 300 km. The shear line over (28°–40°N and
110°–128°E) is defined by the meridional shear of zonal
wind and relative vortex at 850 hPa: (a) zu/zy<0; and (b)
ζ>0. Also, all types of the wind direction shear for the warm
shear line over YHR are considered during identification of
the warm shear line, which are shown in Figure 2.

According to the aforementioned criteria, 21 moments of
WRWS are selected over coastal areas of YHR in the rainy
season (April–September, AMJJAS) of 2017. The spatial
distributions of accumulated precipitation and their associated
atmospheric circulations during the moments of WRWS are
shown in Figure 3. Red dots represent the center locations of
CRA during the WRWS moments, which is generally located at
the northwest boundary of the western Pacific subtropical high
(WPSH, red contour in Figure 3B) and at the south side of the
shear line (brown solid line in Figure 3B). Under these synoptic-
scale atmospheric circulations, the coastal areas of YHR in the
lower troposphere are mainly dominated by southwesterlies
(arrows in Figure 3).

3.2 Model Forecast Evaluations
Considering the rainfall durations and intensities, 15 WRWS
moments (Table 1) are selected in the four precipitation
processes for forecast evaluations and diagnoses of the PWAFS
model. The spatial distributions of accumulated precipitation
during the four precipitation processes are displayed for the
observations (the first column in Figure 4) and PWAFS
forecasts (the second and third columns in Figure 4). Due to
the three-hourly initialization of the model run, the short-term
forecasts are separated as lead times of 1–3 h and 4–6 h,
respectively, for a common evaluation on the hourly forecast
results.

It is indicated that forecasts of the rain belt location and
pattern do not show great differences between the two forecast
lead time periods. However, for the intensity of the rain belt,
forecasts of the 4–6 h lead times show higher skills for theWRWS
events. Except for Case 1, the PWAFS model is generally capable
of predicting the rain belt pattern but with the northeast shift in
the forecasting location of the main rain belt. Furthermore, TS
scores, which have strict requirements on the location and
intensity forecasts of precipitation, are calculated in Table 2
for the 6 h accumulated precipitations with different
intensities. During these four WRWS processes, the sunny-or-
rainy accuracy (TS for 0.1 mm in Table 2) shows relatively good
performance in the PWAFS forecasts. However, with the
increasing precipitation thresholds, the TS decreases sharply.
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According to the point-to-point evaluations, the PWAFS
model shows limited skills in strictly forecasting the WRWS-
associated precipitation. On the other hand, it has good
performances in forecasting the rainfall pattern of the rain
belt with a similar location shift in Figure 4. Therefore, the
MODE method is involved in this study to objectively assess
the precipitation location, size, and shape of the four WRWS
processes. The similarity of each WRWS process is obtained

from the object attributes in Table 3 and (Table 4) with a
threshold of 10 mm for the lead time of 1–3 h (4–6 h). In more
detail, the similarity is calculated from the area ratio, centroid
distance, intensity ratio, and orientation angle difference with
weight 2:2:2:1. Among the four WRWS cases, Case 1 shows the
worst forecast skill, representing the failure of the PWAFS
model in the corresponding predictions of the process. The
other three cases display generally higher similarities, with

FIGURE 2 | Schematic diagram of wind direction shear for the warm shear line over YHR.

FIGURE 3 | Spatial distributions of accumulated precipitation [mm, (A)] at WRWS occurrence moments and associated composites of synoptic-scale circulations
(B). Red (black) solid lines are contours of geopotential height (gpm) at 500 hPa (700 hPa). Arrows represent horizontal wind at 850 hPa (m/s). Red dots represent the
CRA centers of WRWS over coastal areas of YHR (pink box).

TABLE 1 | Details of selected WRWS cases with durations of more than 6 h over coastal areas of YHR in 2017.

Case Duration of precipitation
processes (BJT)

Occurrence moment of
the WRWS (BJT)

Location of the CRA
center

1 2017.08.17.20–2017.08.18.03 2017.08.17.22 (30.5°N, 121.0°E)

2 2017.08.18.15–2017.08.19.02 2017.08.18.20 (33.25°N, 120.0°E)
2017.08.18.21 (33.25°N, 120.5°E)
2017.08.18.22 (33.25°N, 121.0°E)

3 2017.08.19.15–2017.08.20.05 2017.08.19.16 (33.5°N, 120.0°E)
2017.08.19.17 (33.25°N, 120.5°E)
2017.08.19.19 (32.75°N, 120.0°E)
2017.08.19.20 (33.0°N, 120.5°E)
2017.08.19.21 (32.25°N, 121.0°E)

4 2017.09.25.06–2017.09.26.03 2017.09.25.12 (32.0°N, 120.0°E)
2017.09.25.16 (32.25°N, 120.5°E)
2017.09.25.17 (31.75°N, 121.0°E)
2017.09.25.18 (31.5°N, 121.25°E)
2017.09.25.19 (31.25°N, 121.5°E)
2017.09.25.22 (32.25°N, 121.0°E)
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Case 3 characterized by the best performance for both lead
times of 1–3 h and 4–6 h. Results are consistent to the spatial
distribution features of precipitation (Figure 4). Therefore,
both subjective and objective evaluations show that three of
four WRWS events can be captured in the PWAFS forecasts,
but the main rain belts generally shift to the northeast with
weaker intensities of precipitation.

4 DIAGNOSES OF THE WRWS FORECASTS
IN THE MODEL

The location and pattern of the WRWS-associated rain belt can
be reasonably predicted in the PWAFS model, but it shows
significant shifting phases compared with the observations.
Therefore, the composites of synoptic-scale circulation by

FIGURE 4 | Spatial distributions of accumulated precipitation (mm) during WRWS cases in observations (A,D,G,J) and the PWAFS forecasts with different lead
times: 1–3 h (B,E,H,K) and 4–6 h (C,F,I,L).

TABLE 2 | Threat scores of accumulated precipitation forecasts in 6 h during four WRWS cases in 2017 over coastal areas of YHR (30°–35°N, 116°–122.75°E).

Thresholds of
the 6 h
accumulated precipitation

0.1 mm 5 mm 10 mm 15 mm 20 mm 30 mm

TS 0.5639 0.2322 0.1454 0.1026 0.0748 0.0359
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15 moments of WRWS are further accessed and diagnosed to
reveal the possible mechanisms of the PWAFS biases.

Figure 5 shows the composites of synoptic-scale circulation at
the WRWS occurring moment in the PWAFS results for 1–3 h
and 4–6 h lead times. At the lower troposphere, the shear line
(meridional shears of zonal wind) is observed over the northern
part of Jiangsu Province and adjacent ocean region, which is
located at the north side of the coastal areas of YHR. Under the
background circulations, the coastal areas of YHR are controlled
by the west-southwesterlies (arrows in Figure 5) and are
dominated with zonal circulations in the PWAFS results. The
differences of synoptic-scale circulation between PWAFS
forecasts and observations are further checked in Figure 6.
Comparing with observations, abnormal westerlies are
observed in the study area, indicating that the PWAFS model
overestimates the zonal wind in the lower troposphere. In
addition, the northerly anomalies prevail over most of Jiangsu
Province. Combined with the shear line location, it indicates

weaker cyclonic anomalies of the shear line in the PWAFS
forecasts. The different forecasting periods (Figures 6A, 7B)
show the similar results. Therefore, only analyses of PWAFS
forecasts with the 1–3 h lead time are illustrated in the following
paragraphs to further discuss the rain belt anomalies and the
associated physics.

The composites of horizontal wind in the model forecasts
and observations in the lower troposphere are shown in , as
well as their differences are shown in Figure 7. From 925 hPa
to 700hPa, the horizontal wind fields change from
southwesterlies to westerlies, which turns clockwise with
height, indicating the prevailing warm advection over
coastal areas of YHR. Abnormal north westerlies turn to
northerlies from the boundary layer to the lower levels of
the troposphere, suggesting the well-predicted abnormal warm
advection in the PWAFS model. In addition, comparing with
the observations, zonal wind fields are stronger in the PWAFS
short-term forecasts, especially at the boundary layer

TABLE 3 | Pair attributes of matched objects and the similarity from MODE for the 1–3 h lead time precipitation forecasts of four WRWS cases in 2017 over coastal areas
of YHR.

Case Area ratio Centroid distance Intensity ratio Orientation angle
difference

Similarity

1 0.77 3.73 0.69 75.70 0.23
2 0.81 29.89 0.74 6.94 0.66
3 0.71 18.41 0.99 4.78 0.87
4 0.57 5.09 0.74 8.61 0.70

TABLE 4 | Same as Table 3, but for the lead time of 4–6 h.

Case Area ratio Centroid distance Intensity ratio Orientation angle
difference

Similarity

1 0.91 4.62 0.77 54.40 0.26
2 0.72 22.26 0.86 22.25 0.65
3 0.71 20.00 0.98 18.11 0.87
4 0.65 8.14 0.84 3.35 0.74

FIGURE 5 | Composites of synoptic-scale circulations at WRWS occurrence moments in the PWAFS forecasts with different lead times: 1–3 h (A) and 4–6 h (B).
Black contours are geopotential height (gpm) at 700 hPa. Arrows represent horizontal wind at 850 hPa (m/s). Red dots represent the CRA centers ofWRWSover coastal
areas of YHR (pink box).
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FIGURE 6 | Composition differences of synoptic-scale circulations between the PWAFS forecasts and observations at WRWS occurrence moments with different
lead times: 1–3 h (A) and 4–6 h (B). The shading areas are geopotential height (gpm) at 700 hPa. Arrows represent horizontal wind at 850 hPa (m/s). Red dots represent
the CRA centers of WRWS over coastal areas of YHR (pink box).

FIGURE 7 |Composites of wind fields (arrow,m/s) during WRWS occurrence moments in observations (A,D,G) and the PWAFS forecasts (B,E,H), as well as their
differences (C,F,I), at 700 hPa (A,B,C), 850 hPa (D,E,F), and 925 hPa (G,H,I). The shading represents the full wind velocity (m/s).
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(Figure 7I). The zonal wind shear shows that the shear lines in
PWAFS are located more northeasterly than in the
observations. The transformation from southwesterlies to
southeasterlies can be observed at 925 hPa in observations
over coastal areas of YHR, but these wind direction changes
can hardly be captured in the PWAFS predictions, which leads
to their differences of moisture transportations (Figures 9C,

10E) at the boundary layer. Therefore, the conditions of
moisture are subsequently analyzed.

The meridional-height section of longitude averages of water
vapor flux along (31°N–33°N) during WRWS occurrence
moments in observations and the PWAFS forecasts is shown
in Figure 8. The vertical distributions of moisture flux shows that
the abundant moisture is mainly concentrated at the lower

FIGURE 8 | Composites of the meridional-height section of longitude mean of water vapor flux (g · cm−1 · s−1 · hPa−1) along (31°N–33°N) during WRWS
occurrence moments for (A) observations and (B) the PWAFS forecasts.

FIGURE 9 | Composites of the vertical integrated water vapor flux (kg ·m−1 · s−1 , vectors with corresponding magnitudes denoted by shading) and the
divergence of water vapor flux (10−7 · kg ·m−2 · s−1 · hPa−1 , contours) at 700 hPa (A,B) and 925 hPa (C,D) during WRWS occurrence moments in observations (A,C)
and the PWAFS forecasts (B,D): (A) water vapor flux integrated from 925 hPa to 700 hPa and (B) water vapor flux integrated from 1000 hPa to 925 hPa.
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troposphere in the mainland, while over coastal areas of YHR, the
maximum moisture is centered at the boundary layer.
Observations and the PWAFS short-term predictions show
similar vertical distributions of the water vapor, but the
intensity of moisture flux is stronger in the PWAFS model.
Considering the vertical characteristics, the moisture flux with
vertical integration from 1000 hPa to 925 hPa and integration
from 925 hPa to 700 hPa is checked, respectively. At the
boundary layer (Figure 9C), the water vapor transports from
the south of China and the East China Sea through southerlies
and southeasterlies to coastal areas of YHR and converges in the
northern part of coastal areas of YHR in the observations. Results
of the integration from 925 hPa to 700 hPa (Figure 9A) show that
the water vapor transports from southwest to coastal areas of
YHR and diverges in the northern part at 700 hPa. The sources of
moisture for WRWS have differences at different levels, but this
feature is not captured in the short-term predictions of PWAFS.
From 1000 hPa to 700 hPa, the moisture is transported by the
consistent southwesterlies in coastal areas of YHR in the PWAFS
results (Figures 9B,D). The convergence and divergence regions
are further shifted to the northeast, which corresponds to the shift
locations of the shear line and rain belt.

In addition, the composition differences of pseudo-equivalent
potential temperature are studied in Figure 10. Although the
PWAFS model tends to generate stronger warm advection and
moisture transport, the accumulated warm and moist energy are
predicted weaker at the boundary layer over coastal areas of YHR
(Figures 10H,I), which leads to the underestimations of the
precipitation intensity in the PWAFS results. The accurate
prediction of warm and moist energy transportation from the
East China Sea by southeasterlies along the coastal areas of YHR
at the boundary layer is revealed fairly important for the WRWS
event forecasts in the model.

In summary, for the short-term prediction of WRWS events
in coastal areas of YHR in the regional business forecast model
PWAFS, the horizontal winds are overestimated in the lower
troposphere, especially for zonal westerlies. Meantime, the
shear line shifts to the northeast, inducing that the moisture
channel associated with the East China Sea is absent at the
boundary layer, and the accumulated warm and moist energy
is weaker over coastal areas of YHR. Finally, the short-term
model prediction of the rain belt location for WRWS in coastal
areas of YHR notably shifts to the northeast with weaker
intensities of precipitation.

FIGURE 10 | Composites of pseudo-equivalent potential temperature (θse , ·K) during WRWS occurrence moments in observations (A,D,G) and the PWAFS
forecasts (B,E,H), as well as their differences (C,F,I) at 700 hPa (A,B,C), 850 hPa (D,E,F), and 925 hPa (G,H,I).
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5 CONCLUSION AND DISCUSSION

Based on the short-term prediction results of the regional
business forecast model Precision Weather Analysis and
Forecasting System (PWAFS) of Jiangsu Meteorological
Bureau, China, forecasts of the warm-sector heavy rainfall
with warm-type shear line (WRWS) events in coastal areas of
the Yangtze–Huaihe River (YHR) are evaluated and diagnosed
via objective estimation methods and composition analysis. The
observational hourly precipitation data of CMORPH and the
ERA5 reanalysis datasets from ECMWF are employed as
references to check the forecast skills of precipitation and
associated atmospheric circulations in the model results. The
obtained results are summarized as follows:

According to the objective identifications of WRWS events
and the rainfall durations, 15 moments of WRWS in four
precipitation processes are selected for investigations of the
PWAFS forecasts. Both subjective and objective evaluations
show that three of four WRWS events can be captured in the
PWAFS forecasts, but the main rain belts generally shift to the
northeast with weaker intensities of precipitation. The PWAFS
model has considerable skills for short-term forecasts of
WRWS events in coastal areas of YHR, but the prediction
performances decrease sharply with the increasing
precipitation thresholds.

Moreover, the differences of synoptic-scale thermodynamic
characteristics are diagnosed to reveal the possible mechanisms of
the short-term model forecast biases via analyzing the
composition differences between the observations and the
PWAFS forecasts during WRWS moments. For short-term
forecasts of WRWS events in coastal areas of YHR, the zonal
moisture transportation is stronger in the model due to the
overestimation of westerlies, while the meridional moisture
transportation is weaker due to the underestimation of
southerlies along coastal areas of YHR. Meantime, the shear
line is characterized by a notably northeast shifted phase. The
aforementioned biases of horizontal wind fields in the model
induce that the moisture channel associated with the East China
Sea is absent and the accumulated warm and moist energy is
weaker at the boundary layer in coastal areas of YHR. As a result,
the short-term prediction of the rain belt location for WRWS in
coastal areas of YHR notably shifts to the northeast with weaker
intensities of precipitation in the model results.

Understanding the prediction attributes of WRWS events in
coastal areas of YHR is crucial for investigations of local
meteorological characteristics and would help the forecast
agencies to improve the model applications more sufficiently.
Furthermore, the rainfall biases can be effectively eliminated by
the advanced statistical model. For instance, object attributes in
MODE describe the location and pattern of the rain belt, which
could be applied for further development of advanced statistical
model constructions to improve the prediction performances of
WRWS events in the forecast models (Ji et al., 2020; Lyu et al., 2021;

and Zhu et al., 2021). The associated concerns are to be further
studied in the future.

In addition, the cloud microphysics parameterization scheme
plays an important role in the precipitation simulation. A cloud
(Hong S. Y. et al., 2006; Morrison et al., 2009; and Luo et al., 2017)
physical process is one of the most important non-adiabatic
heating physical processes in mesoscale numerical models. The
mutual transformation between water vapor and various
hydrometeors in clouds, as well as their dynamic and
thermodynamic effects, directly affects the weather processes.
Then, the large-scale circulations would be reacted through
sensible heat, latent heat, and momentum transport, leading to
the vertical distribution changes of temperature and humidity.
There are obvious differences in the simulation of the
temperature and humidity structure of the atmosphere by
different microphysical parameterization schemes. Therefore,
selecting microphysical parameterization schemes suitable for
the local area through a series of experiments, or using multi-
parameterization schemes ensemble forecasting, is conducive to
improving the forecast skills of convective precipitation in the
model.
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