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Abstract Using ensemble-based sensitivity analysis, a heavy rainfall event over southern China was
analyzed to investigate the key controlling factors of rainfall amount and relevant predictability. The
heavy rainfall event was caused by three coexisting mesoscale convective systems (MCSs) over southwestern
China (MCS-A), the south coast of China (MCS-B), and northern Taiwan (MCS-C). The three MCSs
exhibited differences and similarities with respect to their forecast accuracy and relevant key factors
contributing to the rainfall centers, such as low-level vortex/shear lines and low-level jets. The strength and
shape of the southwest vortex, a mesoscale vortex usually located over southwestern China with a horizontal
scale of 200-600 km, exerted a significant effect on MCS-A and MCS-B, whereas the stronger shear line
near the east coast of China was accompanied by increased precipitation in MCS-C. In addition, the
low-level jets (LLJs) and their associated moisture transports had a strong influence on the three MCSs
according to the LLJ location, strength, height, and direction. A synoptic LLJ located to the southeast of the
southwest vortex with a stronger meridional (zonal) wind component and an axis more to the north (south)
was related to increased precipitation in the corresponding region of MCS-A (MCS-B). In addition to the
synoptic LLJ, the rainfall of MCS-B was also influenced by a boundary layer jet over the ocean. Uncertainties
in the aforementioned key factors might further influence the predictability of the three MCSs and thus
lead to the differences in their forecast accuracy.

1. Introduction

The presummer rainy season in South China is characterized by frequent long-duration heavy rainfall
events from April to June, the first rainy season on the Chinese mainland, which contributes approximately
half of the annual precipitation (Luo et al., 2017). Heavy rainfall during this rainy season may lead to severe
floods or mudslides and thus cause large economic and human losses (Zhou et al., 2003). Organized
mesoscale convective systems (MCSs) are regarded as a main contributor to heavy rainfall during the rainy
season (Kuo & Chen, 1990; Luo et al., 2013; Zhang et al., 2003). Heavy rainfall and relevant MCSs during the
presummer rainy season can be influenced by complicated multiscale atmospheric processes, including
synoptic or subsynoptic weather systems (Huang et al., 2018; Kuo & Chen, 1990; Luo et al., 2016; Zhang
et al., 2003; Zhang & Meng, 2018), local forcings such as terrain effects (Wang, Luo & Jou., 2014), land-
sea breezes (Chen et al., 2015; Chen et al., 2016), boundary layer winds or jets (Du & Chen, 2019b), convec-
tively generated cold pools (Liu et al., 2018; Wu & Luo, 2016), and urban heat islands (Wu et al., 2019).

Because of the complicated multiscale atmospheric processes involved, the skills of quantitative precipita-
tion forecasting for heavy rainfall over southern China remain rather low for the models used at the
National Meteorological Center of China (Luo et al., 2017). Accurately predicting the precise location,
timing and amount of precipitation in South China during the presummer rainy season using global
ensemble prediction systems also remains challenging (Huang & Luo, 2017). Huang and Luo et al. (2017)
analyzed ensemble forecasts of four representative cases of torrential rainfall and demonstrated that the
error in the quantitative precipitation forecast of heavy rainfall over southern China is closely related to
the error in the predicted upstream low-level warm-moist southwesterly flow and moisture amount.
Zhang and Meng (2018) documented that the uncertainty of the location of a low-level vortex could
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significantly change the geopotential height uncertainty in the control area and further influence precipita-
tion. Bei and Zhang (2007) explored the predictability of a warm-season heavy rainfall event along the Mei-
Yu front of China and stressed the role of moist convection in the rapid error growth that leads to limited
mesoscale predictability. Luo and Chen et al. (2015) also revealed that the forecast precipitation was strongly
sensitive to uncertainties in the initial state, particularly for the initial moisture field. Zhang and Meng
(2019) analyzed 45 warm-sector heavy rainfall episodes in southern China and demonstrated that WRF
model simulations generally present lower quantitative precipitation forecasting skill associated with a
low-level jet (LLJ; LLJ type) than in the no-LLJ type.

Ensemble-based sensitivity analysis (ESA; Hakim & Torn, 2008) has been widely used as an effective tool to
explore key synoptic-scale factors of heavy rainfall events and their predictability. Zhang and Meng (2018)
used ESA to examine the controlling factors of different rainfall stages in a persistent rainfall event and
found that a LLJ was essential in that heavy rainfall event. Using a similar method, Du and Chen et al.
(2018) further showed the different effects of the two types of LLJs on heavy rainfall, consisting of the
synoptic-system-related low-level jet (SLLJ) in the low-level free troposphere and the boundary layer Jet
(BLJ) in the boundary layer with a strong vertical wind shear and diurnal cycle. Since multiple MCSs often
coexist in South China, resulting in multiple rainfall centers, it is still not clear whether there are differences
and similarities in the key factors contributing the development of coexisting MCSs in different regions
under heavy rainfall events and whether there are correlations and interactions among the factors. In
particular, it is necessary to examine the roles of the two types of LLJs in different MCSs.

The maximal daily rainfall over China during the presummer rainy season of 2015 occurred during an
extreme heavy rainfall event with a maximum daily rainfall of 542 mm during 19-20 May 2015 over south-
ern China (Wu & Luo, 2016). Three coexisting MCSs were observed during this rainfall event. Two MCSs ©
were located in northeastern Guangxi Province and central Guangdong Province, which have a climate with
a large amount of rainfall (Luo et al., 2017). Another MCS occurred over northern Taiwan and induced
heavy rainfall, which was a typical heavy rainfall affected by the southeastward moving front system origi-
nating from Mainland China (Jing et al., 2004). The three MCSs might have responded differently to types of
mesoscale forcing under the same synoptic background environment and might have interacted with each
other, making accurate forecasts more difficult. Therefore, the key factors contributing the development
of the three MCSs and relevant predictability are worth further study.

The objective of the current study is to reveal the differences and similarities in the roles of key controlling
factors that affected the rainfall of different MCSs under the same synoptic background environment
through ensemble-based sensitivity analysis. Section 2 introduces the data and methods used in this study,
and section 3 provides an overview of the rainfall event. The differences in forecast accuracy among the
ensemble forecasts are described in section 4. Section 5 presents the results of ensemble-based sensitivity
analysis and composite analyses and further reveals the key factors in the three MCSs. Section 6 comprehen-
sively presents the synoptic fields beneficial to all three MCSs. The predictability of the three MCSs is
discussed in section 7. Finally, concluding remarks are given in section 8.

2. Data and Methods

The Climate Prediction Center morphing technique with a resolution of 30 min and 8 km was utilized for §
rainfall observation estimates in the present study. Climate Prediction Center morphing technique rainfall 3
is derived from passive microwave data and half-hourly interval geostationary satellite infrared data (Joyce ®
et al., 2004) and has been widely used to investigate heavy rainfall events (Catto et al., 2015; Monaghan

et al., 2010) and diurnal variations in rainfall (Chen et al., 2016; Chen et al., 2018; Du & Rotunno, 2018).
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ERAS reanalysis data from the European Center for Medium-Range Weather Forecasts (ECMWF), with
spatial and temporal resolutions of 0.25° and 1 hr, respectively, were utilized for synoptic environmental
analyses in the present study. The ERAS5 reanalysis data set is a global atmospheric reanalysis covering a per-
iod from 1979 onward that applies four-dimensional variational data assimilation. Since the global ensemble
forecasts from ECMWF have a large ensemble size (containing 50 ensemble members) and well-tuned
ensemble spread (Park et al., 2008), the ensemble forecasts from ECMWF, featuring a spatial resolution of
0.5°, temporal resolution of a 6-hr interval, and a 240-hr forecast period, were used to investigate the forecast
capability and key factors of the three MCSs over southern China.
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To examine the key factors contributing to heavy rainfall, ESA (Hakim & Torn, 2008) was adopted in the
present study. After being introduced by Hakim and Torn (2008), ESA has been widely utilized to study
heavy rainfall events (Huang & Luo, 2017; Lynch & Schumacher, 2014; Schumacher, 2011; Zhang &
Meng, 2018) and estimate forecast sensitivities (Hill et al., 2016; Torn et al., 2017; Torn & Romine, 2015).
ESA is a useful method to reveal the relative importance of various impact factors in rainfall events by
calculating the magnitude of correlations between accumulated precipitation and weather variables. It
should be noted that the ESA method has a hypothesis that the model can describe the dynamic and physical
process of precipitation accurately and reasonably. To enlarge the ensemble sample size, two ensemble sets
with different initial times of 0000 UTC 19 and 1200 UTC 19 May were combined into a larger ensemble set
of 100 members in this study (Du & Chen, 2018; Zhang & Meng, 2018). The Pearson correlation coefficient
was used to present the relation between the area-averaged 6-hr accumulated precipitation (0000-0600 UTC
20 May) in the three MCS regions and various weather variables at 0000 UTC 20 May. The Pearson
correlation coefficient was calculated as follows:

Di (X—X) (Pi—P)
VI (%) B (P-P)”

where P represents the area-averaged 6-hr accumulated precipitation, X is a type of variable at a
certain grid point, and n is the ensemble size (100) in the present study. Under a two-tailed significance
test, assuming that the 100 members had an equal probability, correlations with magnitudes
greater than 0.2 were significantly different from zero at the 95% confidence level. We also carried
out separate analyses of each initialized ensemble containing 50 members. In addition, the threat score
(TS) of heavy rain with a 25-mm threshold (Schaefer, 1990; Wang, 2014) was used to measure the C
forecast skill of the three MCSs. Composite analyses of good and bad members were conducted to
further confirm the effects of key factors on rainfall forecast. Good and bad members, defined as the
members with the most and the least accurate rainfall forecast, were chosen based on the rainfall
amount and TSs for each MCS rainfall (Yu & Meng, 2016; Zhu & Xue, 2016) rather than other mesos-
cale environmental features, since three-dimensional multiple atmospheric variables involved make it
practically difficult to do that. A good member could be good for one MCS but not good for neighboring
MCSs. The specific members varied with the different MCSs, and ESA was utilized to analyze the three
MCSs. Under this circumstance, the key factors and mesoscale features in composite fields of good
members beneficial to one MCS might not be beneficial to another MCS. To comprehensively present
the synoptic fields beneficial to all three MCSs, we also selected good and bad members for all three
MCSs and conducted ensemble-based sensitivity or composite analysis for the three MCSs, as described
in section 6.

| =]

3. Overview of the Rainfall Event
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On 19-20 May 2015, a persistent heavy rainfall event occurred over southern China and other places3
(Figures 1 and 2). A rain band was located over southern China and gradually moved southeastward afterg
1900 UTC 19 May (Figures 1c, 1d, and 2a-2f). Then, the rain band broke into two MCSs, which were located &'
in northeastern Guangxi Province and central Guangdong Province at 0000 UTC 20 May (Figures 1e, 1f, and 3
2g-21). Another rainfall center was initiated over the Taiwan Strait at approximately 1900 UTC 19 May ®
(Figure 2a). Then, the rainfall center moved to northern Taiwan island after 0000 UTC 20 May
(Figures 2g-21). Therefore, three strong precipitation centers existed simultaneously during 0000-0600
UTC 20 May (Figures 1d-1g and 2g-2l), corresponding to three mesoscale convective systems located in
northeastern Guangxi Province (MCS-A), central Guangdong Province (MCS-B), and northern Taiwan
(MCS-C; circled in Figure 1f).

Since the three MCSs might have different features and key factors that contribute to the heavy rainfall, the
rainfall stages of the three MCSs during 0000-0600 UTC 20 May were selected as a case of interest in the pre-
sent study. The distribution of accumulated precipitation during this period from Climate Prediction Center
morphing technique indicated that the maximum rainfall values of MCS-A, MCS-B, and MCS-C were 69.1,
114.4, and 137.1 mm, respectively (Figure 3).
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Figure 1. (a-h) Distribution of 3-hr accumulated precipitation from 1500 UTC, 19 May to 1200 UTC, 20 May 2015 using the CMORPH data. The locations
mentioned in section 3 and the three MCSs are marked in (a) and (f).
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Figure 4 shows the synoptic background environment during the present heavy rainfall event. At the 3
500-hPa level, there was a trough (marked by a solid red line in Figures 4a and 4b) in the midlatitude region. $
A west-east oriented shear line at 850 hPa occurred at approximately 25°N (black dashed line in Figure 4) ;,L
and arose from cold advection from the East Asia trough and warm and humid airflow from the ocean. g
Along the shear line, a southwest vortex, which is defined as a mesoscale vortex usually located over south- ®
western China with a horizontal scale of 200-600 km, was generated over northwest Guangxi Province
(Figure 4c). The precipitable water vapor was high in a large area of southern China and gradually increased
from 1800 UTC 19 to 0000 UTC 20 May (Figures 4a and 4b). Three low-level jets existed at the same time

(marked by red circles in Figures 4c and 4d), transporting sufficient moisture to southern China.

4. Ensemble Forecasts

ECMWEF ensemble forecasts exhibited varying capability in forecasting the MCSs. The forecast accuracy of
the three MCSs was sensitive to the forecast initial time (Figures 5a-5c). The ensemble mean forecasts
initiated at 0000 UTC 19 May almost missed MCS-B (Figure 5a) but captured the existence of MCS-A and
MCS-C. MCS-B was captured by the ensemble mean forecasts initiated at 1200 UTC 19 May, but the

SHEN ET AL. 4 of 27



-~
AGU

100 Journal of Geophysical Research: Atmospheres 10.1029/20191D031266

ADVANGING EARTH
AND SPACESCIENCE

LA
i

(c) 2100 UTC 19 May

= ey

i > 325y R

(b) 2000 UTC 19 May

AT A @ ! -

2015-05-20 05:68:00 BIT 4

() 0000 UTC

L

20 May

AT AR B i . i
2915-05-20 86:00:08 BT 2 2815-05-28 67:00:08 BJT

(g) 0100 UTC 20 May
(A «’p :

(i) 0300 UTC 20 May

o

HY ]

=

* -

s B -

T A s L H AT A o - AT A B o =
20158528 09-60:60 BT 2015-85-20 10:08:08 BIT 20158529 11:00:60 RIT

(k) 0500 UTC 20 May

May

W

(j) 0400 UTC 20 May

(I) 0600 UTC 20
o 7R -

.
L& i (7\ |5§ I:
E: E:
otk ot © | zamase - B | zrmaaw =
Figure 2. Radar composite reflectivity from (a) 1900 UTC 19 May 2015 to (1) 0600 UTC 20 May.
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Figure 3. The 6-hr accumulated precipitation (shading; mm) during
0000-0600 UTC 20 May 2015 from the CMORPH data. The locations of three

MCSs are marked by black circles.

Figure 4. Synoptic background environment during the heavy rainfall event from the ERAS5 reanalysis data set. (a) The 500-hPa geopotential height (contour;
gpm), 500-hPa horizontal wind barb and precipitable water (shading; kg m_z) at 1800 UTC 19 May 2015; (b) 500-hPa geopotential height (contour; gpm),
850-hPa horizontal wind barb at 0000 UTC 20 May 2015, and the difference in precipitable water between 1800 UTC 19 and 0000 UTC 20 (shading; kg mﬁz); the
geopotential height (contour; gpm) and wind barb and wind speed (shaded over 10 m sul) at 0000 UTC 20 May 2015 at (c) 850 hPa and (d) 925 hPa. The
troughs and shear lines are marked by solid red lines and black dashed lines, respectively. Black and red circles represent the vortex and LLJs, respectively.
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forecast rainfall of MCS-A tended to be small, with a 6-hr accumulated
precipitation less than 25 mm (Figure 5b). All ensemble forecasts with
different initial times could forecast the precipitation in the control area
of MCS-C, although the forecast rainfall tended to be northwest of the
observed rainfall center (Figures 3, 5a, and 5b). The location errors in
the forecast rainfall of the three MCSs were mainly caused by a misrepre-
sentation of the MCS propagation within the ensemble forecast. For
example, MCS-C was initiated over Taiwan Strait and gradually moved
to northern Taiwan island after 0000 UTC 20 May, according to observa-
tions (Figures 2g-21), but the forecast MCS-C was still located over Taiwan
Strait during 0000-0600 UTC 20 May. Since these MCSs moved with time,
the ensemble forecasts had a large spread and errors in the location and
pattern of rainfall, which largely influenced the ESA and had a dominant
effect on the relevant results. Therefore, in the present study, we focused
more on the occurrence and overall magnitude of heavy rainfall centers
than their detailed locations and patterns. In this way, the control areas
of the three MCSs we chose (the black boxes in Figure 5) were generally
based on both observation and forecast precipitation and were large
enough to basically smooth out the location and pattern errors
(Bednarczyk & Ancell, 2015).
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Figure 5. The 6-hr accumulated precipitation of ensemble forecasts with initial times of (a) 0000 UTC 19 May, (b) 1200 UTC 19 May, and (c) 100 members (shading;
mm) and 6-hr accumulated precipitation from the CMORPH data (contours).
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The histogram distributions of ensemble rainfall forecasts for the three MCSs are shown in Figures 6a-6c.
Note that the rainfall amount of the three MCSs is averaged over the regions denoted by black boxes in
Figure 5. The spread of the area-averaged precipitation of the two ensemble sets initiated from 00Z
19 May and 12Z 19 May (not shown), and the new ensemble set of 100 members (Figures 6a—6c) generally
follows a Gamma distribution. The forecast precipitation amounts of the three MCSs (the average values of
100 members are marked by vertical solid lines) were all apparently underestimated compared to the
observations (red dashed lines), which might be partly due to the coarse resolution of the global ensemble A
forecasts (Gopalakrishnan et al., 2011; Kumar et al., 2015). Nevertheless, the magnitude error of the area-
averaged rainfall of MCS-A was smaller than that of MCS-B and MCS-C in the ensemble forecasts. The
observed area- averaged 6 hr accumulated precipitation of MCS A was 25 1 mm, while the ensemble mean
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yielded a forecast close to the observatlon for the precipitation of MCS-A. For MCS-B and MCS-C, the
ensemble mean of the forecast precipitation (12.68, 14.31 mm) was only approximately half of the observed
precipitation (33.3, 34.5 mm). A detailed check suggests that the causes of the forecast error of MCS-B and
MCS-C were different. Some ensemble members missed the occurrence of MCS-B, while all members
captured the occurrence of MCS-C but tended to underestimate its rain intensity. Although all ensemble
members underestimated MCS-C, the ensemble spread was relatively small compared to that of MCS-A
and MCS-B. The TSs for 25-mm thresholds of individual ensemble members of the three MSCs were
conducted to evaluate the forecast skills (Figures 6d-6f). The ensemble members initialized at 0000 UTC
19 May and 1200 UTC 19 May are marked by “plus sign” and “cross,” respectively (Figures 6d-6f). It is clear
that most ensemble members with high TSs in MCS-B were initialized at 1200 UTC 19 May, while most
members with high threat scores in MCS-A were initialized at 0000 UTC 19 May. For MCS-C, the number
of members with high TSs initialized at 0000 UTC 19 May was approximately the same as that with high 3
TSs initialized at 1200 UTC 19 May. The value of the ensemble mean TS of MCS-A and MCS-C was approxi- §
mately 0.2, and the ensemble mean TS of MCS-B was only 0.1. In general, the forecast skill of MCS-B was the tz
worst among the three MCSs. Since the TSs of MCS-A and MCS-B are positively correlated with §
area-averaged forecast precipitation (Figures 6d and 6e), ensemble members with the most accurate and§
inaccurate precipitation amounts for MCS-A and MCS-B were selected based on the area-averaged forecast
precipitation. For MCS-A, six members (#1, 6, 21, 25, 28, and 67) were chosen as good members (red dots in
Figure 6d), whereas the other six members (#22, 39, 61, 80, 85, and 90) were chosen as bad members (blue
dots in Figure 6d). For MCS-B, good members were #2, 52, 56, 73, 80, and 98, and bad members were #18, 23,
30, 49, 50, and 60 (Figure 6e). As shown in Figure 6f, the positive correlation between the TS and area-
averaged forecast precipitation was weaker for MCS-C than for MCS-A and MCS-B. In this way, the most
accurate and inaccurate precipitation amounts of MCS-C were selected based on the combination of TSs
and area-averaged precipitation. Good members of MCS-C were #5, 30, 31, 65, 68, and 79, and bad members
were #21, 28, 29, 69, 76, and 97. The average rainfall distributions of good and bad members for the three
MCSs are shown in Figure 7. For MCS-A, the precipitation values of good members were close to the
observations in terms of the location and intensity (Figure 7a). In contrast, the rainfall in bad members
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Figure 6. Histogram distribution of area-averaged precipitation during 0000-0600 UTC 20 May in (a) MSC-A, (b) MCS-B, and (c) MCS-C from the ECWMF
ensemble forecasts. Ensemble means and corresponding observations of the area-averaged 6-hr accumulated precipitation are indicated by red vertical solid lines
and dashed lines. The TSs of (d and g) MCS-A, (e and h) MCS-B, and (f and i) MCS-C, with (d—f) good and bad members for each MCS marked by red dots

and blue dots, respectively, and (g-i) good and bad members for all three MCSs marked by red dots and blue dots. In each plot, the blue dashed line indicates the
value of the ensemble mean TS. The ensemble members initialized at 0000 UTC 19 May are marked by “plus sign,” and the ensemble members initialized

at 1200 UTC 19 May are marked by “cross.”
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Figure 7. Composite fields of (a, c, e, and g) good members and (b, d, f, and h) bad members approximately 6-hr accumulated precipitation of (a and b) MCS-A,
(c and d) MCS-B, (e and f) MCS-C, and for (g and h) all three MCSs, overlaid with 10-, 30-, 50-, and 90-mm contours of 6-hr accumulated precipitation
from the CMORPH data.

was located to the south, out of the control region (denoted by the black box), with a much smaller rainfall
amount (Figure 7b). Good members of MCS-B predicted a rainfall distribution similar to the observed
distribution (Figure 7c), while bad members almost missed the rainfall center (Figure 7d). Both good and
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ensemble-based sensitivity analysis was applied by examining the relationship between the relevant §
variables at 0000 UTC 20 May and the subsequent 6-hr accumulated precipitation during 0000-0600 UTC 3
20 May in the three MCSs. Composite fields of the good and bad members were further constructed to @
confirm the influence of those key factors. a
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5.1. Low-Level Vortices/Shear and Troughs

The distribution of the correlation coefficients between the precipitation of the three MCSs and the geopo-
tential height of 100 ensemble forecast members is presented in Figure 8. Significant negative correlation sig-
nals occurred in the control area of MCS-A, with maximum coefficients of —0.51 at 925 hPa, —0.48 at 850
hPa, and —0.44 at 700 hPa (Figures 8a-8c). This indicates that the decreased geopotential heights in the con-
trol region at low levels were related to the increased precipitation of MCS-A. Furthermore, significant posi-
tive correlation signals occurred in the east of the control area. A dipole pattern of positive and negative
coefficients was correlated with the position of the relevant synoptic systems (Bednarczyk & Ancell,
2015). Similar to MCS-A, negative correlation coefficients also occurred near the center of MCS-B; however,
the negative correlation was most apparent at 925 hPa, with a maximum coefficient of —0.60, and signifi-
cantly deceased with height in MCS-B (Figures 8d-8f). This suggests that MCS-B was more sensitive to
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Figure 9. The geopotential heights of good members (contour lines; gpm) and the differences in geopotential heights (shading; gpm) at (a, d, and g) 700 hPa,
(b, e, and h) 850 hPa, and (c, f, and i) 925 hPa between good members and bad members of (a—c) MCS-A, (d-f) MCS-B, and (g-i) MCS-C. The troughs of the vortices

and shear lines are marked

by red lines.

the geopotential height at 925 hPa than at 850 and 700 hPa. A reverse dipole pattern with a negative
correlation over the east and a positive correlation over the west occurred at 700 hPa. In contrast to MCS-
A and MCS-B, there was no significant correlation in the control area of MCS-C (Figures 8g-8i).
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To further confirm the impact of geopotential height on rainfall, the differences in geopotential height
between good and bad members were determined and are shown in Figure 9. For good members of MCS-
A, there was a northeast-southwest oriented trough at low levels in the control area, and the geopotential
height in the control area was approximately 8 geopotential meters lower for good members than for badg
members at all low levels (925-700 hPa; Figures 9a-9c). In agreement with the ESA results described above, i
the lower geopotential height at 0000 UTC 20 May in the control area was related to more precipitation in §
MCS-A during 0000-0600 UTC 20. Similarly, good members of MCS-B showed a northwest-southeast §
oriented trough in the control area at 925 hPa, which differs from the results of MCS-A (Figures 9d-9f).
The negative differences in the geopotential height of good and bad members reached —9.79 geopotential
meters at 925 hPa but decreased with height in the control area, which was also consistent with the ESA
results. This result reinforces that the strength and orientation of the low-level trough related to the south-
west vortex in the control area were crucial to the precipitation forecast of MCS-A and MCS-B. The precipi-
tation of MCS-B was mainly influenced by the geopotential height at 925 hPa, whereas the precipitation of
MCS-A was sensitive at all low levels (925-700 hPa). Similar to the dipole correlation patterns, MCS-A and
MCS-B had opposite dipole patterns of positive and negative differences. These opposite dipole patterns indi-
cated that an amplification of the trough over the MCS-A region is related to increased precipitation for
MCS-A, while an amplification of the trough over the MCS-B region and deamplification of the southwest
vortex is correlated with increased precipitation for MCS-B. As mentioned in section 4 in the manuscript,
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Figure 10. Winds of ensemble mean forecast (shading; m s_l) at (a) 850 hPa and (b) 925 hPa. Black circles in Figures 10a and 10b represent the locations of the
low-level jets. Vertical cross sections of three low-level jets from ERAS analysis data along the black lines in (a) and (b) are shown in (c)-(e). The changes
in the horizontal wind vector with height are shown in (c)-(e), with upward vectors indicating the direction toward the north.

the forecast accuracy of MCS-B is opposite to that of MCS-A (Figure 5). The opposite dipole patterns are
correlated with the opposite relationship between the forecast precipitation of MCS-A and MCS-B.
According to the geopotential height in good members of MCS-C, a strong shear line located over the east
coast of China was related to increased precipitation in MCS-C (Figures 9g-9i). The detailed effect of the
shear line is discussed in section 5.2.

5.2. Low-Level Jets

In the present rainfall event, there were three low-level jets (LLJ-A, LLJ-B, and LLJ-C marked by black cir-
cles in Figure 10) that were related to the three MCSs. LLJ-A and LLJ-C, with cores at 850-700 hPa, were §
located in the area adjacent to the corresponding MCSs (Figure 10a). LLJs can be classified into two types:
SLLJs, which occur in the low-level free troposphere, and BLJs, which occur in the boundary layer and have
strong vertical wind shear and a diurnal cycle (Du et al., 2012; 2014). The SLLJs are in close association with
synoptic-scale weather systems, while the BLJs are mainly caused by boundary processes such as inertial
oscillations (Blackadar, 1957; Blackadar mechanism) and thermal contrast near the terrain or coastal areas
(Holton, 1967; Holton mechanism) (Du & Rotunno, 2014). BLJs can also be modulated by synoptic distur-
bances. Since the LLJ-A and LLJ-C in this study were located to the southeast of the southwest vortex or
the south of the low-level shear line, respectively, and their location and direction were closely related to
the vortex/shear, they were classified as SLLJs. In addition, LLJ-B was a boundary layer jet at 925 hPa that
was located to the south of MCS-B (Figure 10b). The distinctions among the heights of three low-level jets
were further confirmed by the vertical cross sections of three low-level jets (Figures 10c-10e). LLJ-A and
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Figure 11. Correlation of (a—c) zonal wind velocity, (d—f) meridional wind velocity, and (g-i) full wind velocity at (a, d, and g) 700 hPa, (b, e, and h) 850 hPa,
and (c, f, and i) 925 hPa at 0000 UTC 20 May with area-averaged precipitation of MCS-A during 0000-0600 UTC 20 May.

LLJ-C presented maximum wind speeds at 850-700 hPa, with relatively low wind speeds at 925 hPa. The
core of LLJ-B was observed at 925 hPa, while the wind speed at 850-700 hPa was apparently less than
10.5 m s L. As described in this section, the influence of these three low-level jets was examined b
calculating the correlations between winds (including meridional wind velocity, zonal wind velocity, and
full wind velocity) and precipitation.

As shown in Figures 11a-11c, weak positive correlations between the zonal wind velocity and accumulated
precipitation of MCS-A occurred west of the control area at 925-700 hPa, indicating that an increase in the
zonal wind strength over the southwest of the control area was correlated with more precipitation.
Meanwhile, negative signals were observed over the north and east of the control area, indicating that a
stronger convergence occurred there. Similar results were presented by the correlation between meridional

wind velocity and accumulated precipitation (Figures 11d-11f). A strong positive signal over the south of the :
control area (r~0.6) and a weak negative signal over the north of the control area at 925-850 hPa suggest that ®

increases in the meridional wind strength over the south of the control area and convergence were correlated
with increased precipitation. Negative correlations also occurred near the Taiwan Strait, indicating that
SLLJ maintained upstream rather than downstream movement, which was correlated with increased
precipitation of MCS-A. For the correlation coefficients between the full wind velocity and accumulated
precipitation of MCS-A, a strong positive region and a weak positive region occurred over the south and
north of the control area, respectively (Figures 11g-11i). This implies that a stronger upstream SLLJ with
stronger meridional and northerly winds over the north of the control area was correlated with increased
precipitation in MCS-A (Du & Chen, 2018).

The composite full wind speed fields of good and bad members are compared in Figure 12. The good mem-

bers forecasted a stronger low-level jet than the bad members, with a maximum wind speed over 14 m s™%.
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Figure 12. Composite wind fields of (a, ¢, and e) good members and (b, d, and f) bad members of MCS-A with full wind speeds (shading; m s_l) and vectors at
(a and b) 700 hPa, (c and d) 850 hPa, and (e and f) 925 hPa at 0000 UTC 20 May.
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The LLJ-A of the good members had a stronger meridional wind component than that of the bad members, &
and the jet axis of the former was also more northern than that of the latter (Figures 12a and 12c). In 3
contrast, the LLJ-A of the bad members showed a stronger zonal wind component than that of the good ®
members (Figures 12b and 12d). Therefore, a stronger southwesterly low-level jet, with stronger
meridional wind and more northern jet axis, can provide convergence in the control area of MCS-A and
thus bring more moisture from the south, resulting in more precipitation. These results are consistent
with the ESA analysis above.

LR

Similar ESA and composite analyses were conducted for LLJ-B (Figures 13 and 14). The zonal wind was
positively correlated with the accumulated precipitation of MCS-B at 850-700 hPa over the west side of
the control area (r~ 0.54; Figures 13a and 13b), while the positive correlation for the meridional wind was
located south of the control area at 925 hPa (Figure 13f). Such a distribution of correlations suggests that
a strong zonal wind at 850-700 hPa over the west of the control area of MCS-B and meridional wind velocity
at 925 hPa over the south were significant for heavy rainfall. A strong positive correlation was also found
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found over the south of the control area (northern South China Sea) in the good members (Figure 14e) than 5
in the bad members (Figure 14f). Therefore, the heavy rainfall of MCS-B was influenced by both the SLLJ g
and the BLJ. The wind speed, wind direction, and position of those LLJs were essential to the distribution 5
of precipitation. The divergences derived by the good members of MCS-A and MCS-B are compared ing
Figure 15. Attributed to the collective effect of SLLJ and BLJ, there was an area of wind convergence in ®
the control area of MCS-B at 850-925 hPa in good members (Figures 15d-15f), which provided favorable
conditions for the heavy rainfall of MCS-B. Stronger convergence was found in the control area of MCS-A
at 925-700 hPa in the good members of MCS-A (Figures 15a-15c) than in that of MCS-B, whereas no

apparent convergence was shown in the control area of MCS-B.

Regarding MCS-C, there were positive correlations between the zonal wind velocity (full wind speed) at 925-
700 hPa and accumulated precipitation over the west and southwest of the control area (Figures 16a and
16c). These positive signals imply that increases in the zonal wind velocity and full wind speed over the west
of Taiwan Island were related to increased precipitation. This was confirmed by a comparison between the
good and bad members (Figures 17 and 18), as the good members forecasted a stronger upstream SLLJ
(located in the west of Taiwan Island, marked by black circles in Figures 17c and 17e), with the maximum
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near 120°E, as the result of strong upstream meridional winds over the South China Sea. A comparison ;;’- 5

between the full wind speeds of the good and bad members of MCS-B further confirmed the results above & E:

(Figure 14). As shown in the good members (Figures 14a, 14c, and 14e), heavy rainfall in the control area% S
of MCS-B was collaboratively affected by both LLJ-A (SLLJ) to the west and LLJ-B (BLJ) to the south. %E
Compared to the bad members, the good members forecasted a stronger SLLJ at 850-700 hPa, with a stron- a é
ger zonal wind component, and the SLLJ axis tended to be closer to the west side of the control area § E
(Figures 14a-14d). Such conditions were beneficial to the convergence in the control area of MCS-B and thus § O
resulted in more precipitation in MCS B than in MCS-A. In addition, a stronger southerly BLJ at 925 hPa was § $
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wind speed over 12 m s, and a stronger shear line over the west of Taiwan island (Figure 18). This stronger
zonal wind velocity and shear cline could cause stronger convergence over the west of Taiwan Island, espe-
cially at 850 hPa (Figure 18c).
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5.3. Moisture

Accompanied by LLJs, the moisture that is continuously transported to the control area is essential for heavy
rainfall (Higgins et al., 1997; Qian et al., 2004). Therefore, correlations between specific humidity and preci-
pitation were further analyzed to determine the effect of moisture in this section.

With respect to MCS-A and MCS-C, the positive correlations between specific humidity and rainfall covered
a large area southwest of their control area (Figures 19a-19c and 19g-19i), which was consistent with the
analysis of low-level jets. The result suggests that sufficient transportation of moisture by the synoptic-scale
upstream low-level jets is favorable for precipitation in the control area, which was further confirmed by the
differences in water vapor flux, v'-q, between good and bad members (Figures 20a-20c and 20g-20i). In the
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Figure 15. Divergence (shading; s_l), wind vectors, and geopotential height (contour lines; gpm) at (a and d) 700 hPa, (b and e) 850 hPa, and (c and f) 925 hPa

averaged from good members of (a-c) MCS-A and (d-f) MCS-B at 0000 UTC 20 May.
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Figure 16. Same as in Figure 11 except for MCS-C.
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Figure 17. Same as in Figure 12 except for MCS-C.
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good members of MCS-A and MCS-C, increased water vapor flux was found upstream of the SLLJs (over the 3
southwest of the control area), indicating that increased moisture transportation to the control area was £
associated with stronger low-level jets, favoring more precipitation.

9SuUa

The correlations between specific humidity and rainfall of MCS-B (Figures 19d-19f) reflect an apparent posi-
tive signal over the southwest of the control area at 850 and 700 hPa. A weak positive signal was found over
the south of the control area at 925 hPa. This implies that the sufficient transportation of moisture over the
west of the control area at 850-700 hPa and the south of the control area at 925 hPa were beneficial to heavy
rainfall in MCS-B. The moisture at 850-700 hPa was more related than that at 925 hPa to precipitation in the
control area. According to the composite fields of good and bad members (Figures 20d-20f), the sufficient
moisture that favored increased precipitation in MCS-B was transported by two low-level jets, which was
highly consistent with the joint effect of the SLLJ and BLJ on the rainfall of MCS-B (mentioned in
section 5.2). The differences in the water vapor flux between good members and bad members reached 4 g
(cm-hPa-s)™* at 700-850 hPa, whereas those at 925 hPa were no more than 3 g (cm-hPa-s)™. Zhang and
Meng (2018) found similar characteristics of low-level jets that dominantly influenced moisture transport.

SHEN ET AL.

18 of 27

-pue-swiay/wodAeimAieiqiauljuo//:sdniy) suonipuo) pue swual ay3 93S ‘[5202/80/52] uo Aseiqri sunuo Asip ‘sjeusnor Noy Ag "99z1L£0dr6L02/620L 0L/10p/wodAsimAieiqiauljuo-sqndnbe//:sdiy wouy papeojumoq 'z ‘0202 ‘96686912



nnnnnnnnnnnn

Journal of Geophysical Research: Atmospheres 10.1029/2019JD031266

Figure 18. Composite wind fields of (a, c, and e) good members and (b, d, and f) bad members of MCS-C with divergence (shading; s_l), wind vectors, and geo-
potential height (contour line; gpm) at (a and b) 700 hPa, (c and d) 850 hPa, and (e and f) 925 hPa at 0000 UTC 20 May. The shear lines are marked by red lines.
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ensemble (not shown) were similar to the previously described analyses of 100 ensemble members, except F_?
wind velocity is negatively correlated with MCS-B in the correlation between the precipitation of MCS-B §

and wind velocity in the 50 ensemble members initialized at 0000 UTC 19 May. This difference might be
the result of the poor forecast skill of MCS-B in the ensemble set initialized at 0000 UTC 19 May
(Figure 5a). The ensemble set initiated at 0000 UTC 19 May almost missed MCS-B, and few members accu-
rately forecasted MCS-B; thus, the ensemble-based analysis did not work for this situation. We will further

discuss the predictability of MCS-B through these two ensembles in section 7.

6. Synoptic Fields Beneficial to All Three MCSs

As mentioned in the previous sections, poor performing members of MCS-A trended toward accurately
depicting MCS-B. The key factors beneficial to MCS-A were also opposite to those beneficial to MCS-B.
We were still interested in the synoptic fields beneficial to all three MCSs, so we further conducted
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Figure 19. Same as in Figure 8 except with specific humidity.

ensemble-based sensitivity or composite analysis for all three MCSs. Six good members and six bad members
of all three MCSs were selected based on the precipitation amount and threat scores. Since many members
could not forecast MCS-A and MCS-B well at the same time, the TSs of the good members for all three MCSs
were above average but not the highest. Six members (#6, 25, 28, 51, 67, and 73) were chosen as goo
members (red dots in Figures 6g-6i), whereas six other members (#14, 22, 27, 37, 54, and 75) were chose
as bad members (blue dots in Figures 6g-6i).
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The correlation coefficients between the total precipitation of the three MCSs and synoptic factors in 100
ensemble forecast members are presented in Figure 21. Similar to the results of individual MCS, negative
correlation signals between rainfall and geopotential height occurred in the control area of MCS-A and
MCS-B (Figures 21a-21c), indicating that the low geopotential height in the control region was correlated
with increased precipitation in MCS-A and MCS-B. For the correlation coefficients between precipitation

and winds (zonal wind velocity, meridional wind velocity, and full wind velocity; Figures 21d-211), a strong :
positive signal occurred over the south and southwest of the control area of MCS-A at 850 hPa, indicating ®

that a stronger LLJ-A was correlated with more precipitation. Similarly, the strong positive signal over the
south of the control area of MCS-B suggested that a stronger LLJ-B was correlated with more precipitation.
Notably, the spread of the ensemble forecast precipitation of MCS-C was relatively small compared to that of
MCS-A and MCS-B, as mentioned in section 4 in the manuscript (Figure 6). The correlation signal over the
neighboring region of MCS-C was thus relatively weak in the analysis of all three MCSs simultaneously.

Composite geopotential height fields are presented in Figures 21m-21o. Similar to the geopotential height
fields from the ERAS5 Analysis in Figure 4, good members showed a trough in the control area of MCS-A
at 850 hPa and a trough near the control area of MCS-B at 925 hPa (Figures 21m-210), instead of the
northeast-southwest oriented trough at 925-700 hPa shown by the good members of MCS-A (Figures 9a-
9c). It is worth mentioning that the good members of all the three MCSs forecasted a LLJ-A featuring
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Figure 20. The differences in water the averaged vapor flux (shading and vector; g (cmtha-s)_l) between good members and bad members of (a—c) MCS-A,
(d-f) MCS-B, and (g-i) MCS-C at (a, d, and g) 700 hPa, (b, e, and h) 850 hPa, and (c, f, and i) 925 hPa from the ECWMF ensemble forecasts at 0000 UTC 20 May.
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diffluence at the exit of the LLJ-A (Figure 22c), instead of the almost unidirectional LLJ-A forecasted by the =
good members of MCS-A (or MCS-B). Such diffluence at the exit of LLJ-A was beneficial to both MCS-A and
MCS-B. The difference in the wind direction of LLJ-A indeed accounted for the opposite relationship

between MCS-A and MCS-B.

7. Discussion on the Predictability of Heavy Rainfall

The ECMWF ensemble forecasts presented the differences in the quantitative forecast skills among the three 3
MCSs (Figure 6). The forecast skill of MCS-B was not as good as that of MCS-A and MCS-C, which might be &

related to the forecast uncertainty of key factors.

The uncertainty of low-level jets could also strongly influence the rainfall forecast in the control area
(Squitieri & Gallus, 2016). To further identify the uncertainties of LLJs, the jet axes of 20 good members
and 20 bad members of the three MCSs, chosen based on the forecast precipitation and TSs as before, are
plotted by colorful lines in Figure 23. The jet axis length is based on the area over which the wind velocity
exceeded 12 m s~ (if the maximum wind velocity was less than 12 m s, the axis is not shown). The orien-
tation of the lines is consistent with wind direction across the region with the maximum wind velocity, and
the maximum wind velocities of the LLJs are indicated by the color of the lines. As shown in Figure 23, the
spread of the three LLJ axes had different features among good and bad members. Considering the axes of
LLJ-A at 850 hPa, a higher wind velocity with a stronger meridional wind component and more northern
jet axes is found in good members of MCS-A (Figure 23a), while in bad members of MCS-A, the jet axes
are more to the south, with a lower velocity and more widespread distribution (Figure 23b). In good
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Figure 21. Correlation coefficients (shading) between (a—c) geopotential height, (d-f) zonal wind velocity, (g-i) meridional wind velocity, and (j-1) full wind
velocity at (a, d, g, and j) 700 hPa, (b, e, h, and k) 850 hPa, and (c, {, i, and 1) 925 hPa at 0000 UTC 20 May and 6-hr accumulated precipitation of the three MCSs
during 0000-0600 UTC 20 May. The geopotential heights of good members (contour line; gpm) and the differences between the geopotential heights (shading; gpm)
at (m) 700 hPa, (n) 850 hPa, and (0) 925 hPa of good members and bad members. The troughs of the vortex are marked by red lines.
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Figure 22. Composite wind fields of (a, ¢, and e) good members and (b, d, and f) bad members of three MCSs with full wind speeds (shading; m sﬁl) and vectors
at (a and b) 700 hPa, (c and d) 850 hPa, and (e and f) 925 hPa at 0000 UTC 20 May. Ensemble mean wind field at 925 hPa at 0000 UTC 20 May initialized at
(g) 0000 UTC 19 May and (h) 1200 UTC 19 May.

members of MCS-B, the axes of LLJ-A at 850 hPa have a stronger zonal wind component and are located
more to the south (Figure 23c), but the axes in bad members of MCS-B have a stronger meridional wind
component and a more widespread distribution (Figure 23d). These results indicate that the uncertainty
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Figure 23. The jet axis of 20 good members and 20 bad members at 0000 UTC 20 May (the line lengths are based on the area over which the wind speed
exceeds 12 m s~ ', and the color of the lines represents the maximum wind speed). Good and bad members of MCS-A at 850 hPa (LLJ-A) are plotted in (a) and
(b), good and bad members of MCS-B at 850 hPa (LLJ-A) and 925 hPa (LLJ-B) are plotted in (c) and (d), and good and bad members of MCS-C at 850 hPa (LLJ-C) are
plotted in (g) and (h). The thick lines represent the direction of real LLJs from the ERAS5 data set.
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of LLJ-A, including uncertainties in the LLJ-A strength, location, and orientation, partly result in the

forecast uncertainties of MCS-A and MCS-B. The axes of LLJ-B at 925 hPa of the 20 good members and 20 2

bad members are also plotted in Figures 20c and 20d. When axes with higher speeds are located more to
the west, more moisture is transported to the control area of MCS-B (good members in Figure 23c).
However, in bad members, the axes of LLJ-B are located more to the east (Figure 23d), transporting
moisture from the South China Sea to the east. The wide distribution of LLJ-A and LLJ-B partly accounts
for the difficulty in accurately predicting precipitation (Zhang & Meng, 2018). Furthermore, the complex
interaction of the two low-level jets (LLJ-A and LLJ-B) might increase the forecast uncertainty of MCS-B,
resulting in the worse quantitative forecast skill of MCS-B. Since the rainfall of MCS-C was influenced by
the upstream LLJ, only the upstream axes are plotted. The orientation and location of LLJ-C at 850 hPa of
bad members (Figure 23f) were similar to those of good members (Figure 23e), but deviation in the strength
was found. The jet axes of real LLJs from the ERAS data set were also plotted using colorful arrows.
Generally, the jet axes of ensemble members were distributed around the jet axes of real LLJs.
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According to the ESA of individual MCSs in section 5, the effects of LLJ-A or the vortex on MCS-A and MCS-
B were different and opposite. The opposite relationship between the key factors accounted for the opposite
relationship between MCS-A and MCS-B. A stronger southwesterly LLJ-A with a stronger meridional
(zonal) wind component and more northern (southern) axis produced more precipitation in the correspond-
ing region of MCS-A (MCS-B), and a stronger low-level trough of the southwest vortex in the control area of
MCS-A and MCS-B was correlated to more precipitation in MCS-A and MCS-B. MCS-A and MCS-B coexist
in reality. According to the ESA of the three MCSs as a whole in section 6, the southwest vortex with a trough
in the control area of MCS-A at 850 hPa and a trough near the control region of MCS-B at 925 hPa and LLJ-A a
featuring diffluence at the exit of LLJ-A were favorable for the coexistence of MCS-A and MCS-B.

The ensemble mean wind fields initialized at 0000 UTC 19 May and 1200 UTC 19 May are presented in
Figures 22g-22h. The ensemble set initialized at 0000 UTC 19 May almost missed MCS-B, while the ensem-
ble set initialized at 1200 UTC 19 May captured the occurrence of MCS-B, as mentioned in section 4. The
LLJ-B forecasted by the ensemble set initialized at 1200 UTC 19 May was stronger than that initialized at
0000 UTC 19 May. This result was consistent with the previously described results showing that a stronger
LLJ-B was correlated with more precipitation in MCS-B.

All ensemble members captured the occurrence of MCS-C but underestimated its rain intensity (Figure 6c).
The full wind speed and convergence over the northwest of Taiwan island at 925 hPa in the ERA5 data were
stronger than those in ensemble forecasts (not shown). This indicates that the interaction between the
low-level wind field and the topography of Taiwan was underestimated by ensemble forecasting, resulting
in the magnitude error of MCS-C.

8. Summary and Conclusions

ESA and composite analysis are applied to estimate the key factors of three MCSs coexisting (over southwes-
tern China, the south coast of China, and northern Taiwan simultaneously) in a heavy rainfall event durin
19-20 May 2015 and explore their predictability. From the ensemble forecasts of ECMWEF, the quantitativ
forecast skill in MCS-B is generally worse than that in MCS-A and MCS-C, and the forecast accuracies of
MCS-A and MCS-B are always opposite. The results of ESA further show that the forecast uncertainty in
the rainfall of the three MCSs is closely related to the forecast uncertainty in the relevant vortex/shear line,
low-level jets, and moisture transport.

('D(TQ

MCS-A was strongly influenced by the southwest vortex and its related LLJ-A, which was a synoptic jet. A
strong low-level trough of the southwest vortex located in the control area of MCS-A and strong LLJ-A
located more to the north with a strong meridional wind component were correlated with the increased pre-
cipitation of MCS-A.

The precipitation of MCS-B was affected not only by the southwest vortex and LLJ-A but also by LLJ-B,
which was a boundary layer jet from the South China Sea. A strong low-level trough of the southwest vortex
located in the control area of MCS-B was related to increased precipitation in MCS-B. When LLJ-A had a
stronger zonal wind component and was located more to the south, it brought more moisture to the control 3
area of MCS-B, favoring the increased precipitation of MCS-B. Furthermore, a stronger LLJ-B at 925 hPa @
always results in stronger wind convergence in the boundary layer in the control area of MCS-B, which also g
favors increased precipitation. The low forecast skill of MCS-B might be ascribed to the joint effects of the @

o
two low-level jets (LLJ-A and LLJ-B).

According to the ESA of individual MCSs, the effects of the vortex or LLJ-A on MCS-A and MCS-B were dif-
ferent and opposite, but MCS-A and MCS-B coexisted in reality. The southwest vortex with a trough in the
control area of MCS-A at 850 hPa and a trough near the control region of MCS-B at 925 hPa and the LLJ-A
featuring diffluence at the exit of LLJ-A were favorable for the coexistence of MCS-A and MCS-B.

As for MCS-C, a stronger shear line over the east coast of China and a stronger upstream SLLJ (LLJ-C) with a
stronger zonal wind velocity over the west of Taiwan island were related to the increased precipitation of
MCS-C. The southwest vortex had little effect on the precipitation of MCS-C.

The quantitative forecast skill of MCS-B was generally worse than that of MCS-A and MCS-C, although most
of the ensemble members underestimated the rain intensity of MCS-C. Because of the involvement of
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complex factors and the uncertainty of LLJ-B, MCS-B was more sensitive to the initial field than MCS-A
and MCS-C. The LLJ-B forecasted by the ensemble set initialized at 1200 UTC 19 May was stronger than
that forecasted by the ensemble set initialized at 0000 UTC 19 May, corresponding to the improved
forecast skill of the MCS-B in the ensemble set initialized at 1200 UTC 19 May. The magnitude error
of MCS-C was attributed to the underestimation of complex effects between the low-level jet and the
topography of Taiwan.

In the present study, we confirmed there were differences in the key factors of three coexisting MCSs, and we
further found that the complex interaction of SLLJ and BLJ increased the forecast uncertainty of MCS-B,
resulting in the worse quantitative forecast skill of MCS-B than of MCS-A and MCS-C. These results are
different from the results in previous studies that also showed LLIJs were essential in rainfall centers, but
without distinguishing between the two types of LLJs (Huang & Luo, 2017; Zhang & Meng, 2018), and that
a SLLJ (BLJ) was associated with frontal rainfall (the coastal warm-sector rainfall; Du & Chen, 2018, 2019a).
In addition, we also discussed the differences in the predictability of the three MCSs.

The present study suggests that the uncertainty of low-level vortex/shear and low-level jets can strongly 3,
influence the forecast capability of the three MCSs. However, questions about the detailed complex interac-

tions between LLJ-A and LLJ-B remain unanswered. Small-scale effects, such as land-sea breezes or cold
pools, were not taken into consideration because of the coarse resolution of ECWMF ensemble forecasts.

In the future, we plan to conduct high-resolution numerical simulations to further study the detailed struc-

ture and evolution of the three MCSs during this rainfall event to better understand the distinctions among
their predictability, potentially providing ideas for revising the quantitative forecast.
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