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Abstract This study investigates the stage-dependent rainfall forecast skills and the associated
synoptic-scale features in a persistent heavy rainfall event in south China, Guangdong Province, during
29–31 March 2014, using operational global ensemble forecasts from the European Centre for Medium-Range
Weather Forecasts. This persistent rainfall was divided into two stages with a better precipitation forecast skill
in Stage 2 (S2) than Stage 1 (S1) although S2 had a longer lead time. Using ensemble-based sensitivity
analysis, key synoptic-scale factors that affected the rainfall were diagnosed by correlating the accumulated
precipitation of each stage to atmospheric state variables in the middle of respective stage. The
precipitation in both stages was found to be significantly correlated with midlevel trough, low-level vortex,
and particularly the low-level jet on the southeast flank of the vortex and its associated moisture transport.
The rainfall forecast skill was mainly determined by the forecast accuracy in the location of the low-level
jet, which was possibly related to the different juxtapositions between the direction of the movement of the
low-level vortex and the orientation of the low-level jet. The uncertainty in rainfall forecast in S1 was mainly
from the location uncertainty of the low-level jet, while the uncertainty in rainfall forecast in S2 was
mainly from the width uncertainty of the low-level jet with the relatively accurate location of the low-level jet.

1. Introduction

Heavy rainfall frequently occurs over south China during warm season under the influence of Mei-Yu
fronts (Chen, 1983), low-level vortices that develop in southwestern China (Tao & Ding, 1981), low-level
jets (e.g., Chen et al., 2014; Kuo & Chen, 1990), land–sea breezes (e.g., Chen et al., 2015, 2017), and cold
pools produced by previous precipitation (Wang, Luo, & Jou, 2014; Wu & Luo, 2016). Although impacts of
various synoptic-scale weather systems on heavy rainfall over south China have been recognized in the
literature, their relative importance and the uncertainties of the key synoptic-scale factors in numerical
models that influence the quantitative forecast skills of heavy rainfall event in south China have not
been investigated.

Key synoptic-scale factors of extreme rainfall events have been examined in other regions using ensemble-
based sensitivity analysis (ESA; Hakim & Torn, 2008) with the accumulated precipitation serving as a forecast
metric. For example, Schumacher (2011) examined the factors contributing and inhibiting the development
of a heavy rainfall in warm season in the United States based on the ensemble forecast from the European
Centre for Medium-Range Weather Forecasts (ECMWF) Ensemble Prediction System (EPS). Lynch and
Schumacher (2014) found that a stronger low-level cyclone over central U.S. was associated with less preci-
pitation over Kentucky and Tennessee in the extreme rainfall event in May 2010. Yu and Meng (2016) dis-
closed the key synoptic factors of an extremely heavy rainfall in north China using ESA based on a grand
ensemble forecast from National Centers for Environmental Prediction, ECMWF, and China Meteorological
Administration. One objective of this current study is to reveal the key synoptic-scale factors of a heavy rain-
fall event in warm season of south China by applying ESA to ECMWF ensemble forecast.

Warm-season heavy rainfall in south China can sometimes sustain for tens of hours (e.g., Davis & Lee,
2012; Li et al., 1997; Luo et al., 2017; Zhang et al., 2011). Distinct rainfall characteristics and dynamical
mechanisms of precipitation have been noticed in different rainfall stages of persistent rainfall events
(e.g., Gao et al., 2009; Wang et al., 2014a, 2014b). Notably, in some cases in south China, the forecast skill
of precipitation varies from stage to stage during persistent rainfall process (e.g., Gao et al., 2009).
However, the studies on different forecast skills over different stages in persistent heavy rainfall in
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south China are still limited. A better understanding on the stage-
dependent forecast skills of heavy rainfall is necessary to provide
better references for more detailed precipitation forecasting.
Another objective of the present study is to investigate the reasons
for distinctive forecast skills over different stages in a persistent
warm-season heavy rainfall in south China by comparing the key fac-
tors and their uncertainties in different stages.

The heavy rainfall case examined in this paper occurred during
29�31 March 2014 in Guangdong Province (denoted in Figure 1,
hereafter Guangdong for short) in south China. As shown in the
72 hr accumulated precipitation (Figure 1), a large amount of preci-
pitation was observed in the Pearl River Delta region, southeast of
Guangdong, with the maximum value of 264.8 mm located at
Dongguan (denoted by the cross mark in Figure 1). This rainfall pro-
cess was characterized by long period and great intensity and signif-
ied the beginning of the rainy season in 2014 in Guangdong
according to the operational definition, which was much earlier than
usual (Wang & Cheng, 2014). The heavy rainfall associated with
strong wind and hail led to destructive flooding and damage of
infrastructure in megacities such as Guangzhou and Shenzhen (loca-
tions given in Figure 2a), resulting in direct property damage of

50.88 million CNY (China Yuan), seven deaths (available online at http://news.cntv.cn/2014/04/01/
ARTI1396335268149564.shtml on 15 February 2017), and a large number of flight delays (Feng et al.,
2014). During this heavy rainfall event, there were two distinct rainfall amount peaks (Figure 3; more
details later in section 3) indicating different rainfall stages. Considering the significant rainfall underesti-
mation around the two distinct rainfall peaks from 0000 UTC 30 March to 0000 UTC 31 March 2014 com-
pared with other periods and their apparently different forecast errors between each other, the first
rainfall stage was defined as from 0000 to 1200 UTC 30 March and the second stage from 1200 UTC
30 March to 0000 UTC 31 March (hereafter S1 and S2). The operational forecasts showed a better preci-
pitation forecast skill in terms of both amount and distribution in S2 than S1 even though S2 had a longer
lead time, suggesting the stage-dependent rainfall forecast skills.

The innovation of the present study mainly lies in three aspects: (1) identifying key synoptic-scale factors
and their associated uncertainties in numerical models for a warm-season heavy rainfall event in south
China, (2) disclosing reasons behind stage-dependent feature of rainfall forecast skills, and (3) for the first
time applying ESA method to analyze its applicability to the torrential rain in south China. Section 2
describes the data and methods used in the study. Section 3 provides an overview of the event. In
section 4, results of forecast verification, ensemble-based sensitivity analysis, and reasons for different
forecast skills of the two stages at synoptic scale are presented in turn. Summary and conclusions are
given in section 5.

2. Data and Methods

Hourly rain gauge data provided by China Meteorological Administration with an average site spacing of
~10 km were interpolated to a 0.25° by 0.25° grid using a Cressman interpolation method (Cressman,1959)
so that it can be compared with global model forecast conveniently. The ERA-Interim (the ECMWF Interim
Reanalysis dataset; Dee et al., 2011) with a horizontal grid spacing of 0.5° (interpolated from the original hor-
izontal grid spacing of ~80 km) at a 6 hr interval was used for synoptic environmental analyses, similar to
Lynch and Schumacher (2014). We chose 0.5° as the horizontal grid spacing for ERA-Interim in order to make
a reasonable comparison with ECMWF ensemble forecast, since the original horizontal grid spacing of the
ECMWF ensemble forecast is ~32 km and 0.5° is between 32 and 80 km.

The ECMWF global ensemble forecast was used to examine the different key factors of the two rainfall stages.
The EPS of ECMWF was chosen because it has a large ensemble size and a well-tuned ensemble spread (Park
et al., 2008). The ECMWF EPS contains 50 ensemble members with a truncation of T639 (about 32-km grid

Figure 1. Three-day accumulated precipitation (shading in mm) between 0000
UTC 29 March and 0000 UTC 1 April 2014 with the black box indicating the
location of area used for averaging precipitation (the control area). The location
of Dongguan Station (DG) is marked as the black cross and the provinces men-
tioned in text are given in the map.
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spacing) through a 240-hr forecast period (details are available online at https://www.ecmwf.int/sites/
default/files/elibrary/2012/14557-ecmwf-ensemble-prediction-system.pdf). To enlarge the sample size and
obtain more robust results that are not affected by different forecast lead times, we collected three
ensembles that were valid at the same time but with different initial times of 0000 UTC 29 March, 1200
UTC 29 March, and 0000 UTC 30 March, respectively, and composed a new ensemble of 150 members (the
ensemble mentioned hereafter refers to this 150-member new ensemble except for being stated
otherwise). The ensemble forecast data have a horizontal grid spacing of 0.5° (except for precipitation,
which has a horizontal grid spacing of 0.25°) with a 6-hr interval.

ESA was used in this study to identify the key factors for the rainfall, which measures linear relationships
between a scalar forecast metric and atmospheric state variables through ensemble statistics. This
method was first introduced by Hakim and Torn (2008) and has been widely used to diagnose key factors
for persistent extreme rainfall events as being mentioned in section 1 (e.g., Lynch & Schumacher, 2014;
Schumacher, 2011; Yu & Meng, 2016) and to understand the predictability and the dynamical processes
of weather systems such as extratropical cyclones (e.g., Garcies & Homar, 2009; McMurdie & Ancell,

Figure 2. Composite reflectivity imagery (shaded in dBZ) of (a) 1500 UTC 29 March, (b) 0000 UTC 30 March, (c) 0600 UTC 30
March, (d) 1200 UTC 30 March, (e) 1800 UTC 30 March, and (f) 0000 UTC 31 March 2014. Locations of Guangzhou (GZ) and
Shenzhen (SZ) are given in (a).

10.1002/2017JD028155Journal of Geophysical Research: Atmospheres

ZHANG AND MENG 3576

https://www.ecmwf.int/sites/default/files/elibrary/2012/14557-ecmwf-ensemble-prediction-system.pdf
https://www.ecmwf.int/sites/default/files/elibrary/2012/14557-ecmwf-ensemble-prediction-system.pdf


2014), mesoscale convective vortices (Hawblitzel et al., 2007), tropical
cyclones (e.g., Sippel & Zhang, 2008, 2010), and extratropical
transitions (Torn, 2010). Compared with other sensitivity analysis
methods such as ensemble Kalman filter (Ancell, 2013), Piece-By-
Piece Data Assimilation targeting method (Huang & Meng, 2014),
and adjoint analysis (Le Dimet & Talagrand, 1986; Mu & Duan,
2003; Yu et al., 2017), ESA is more straightforward and easier to
implement especially with the availability of TIGGE (The Observing
System Research and Predictability Experiment Interactive Grand
Global Ensemble; Bougeault et al., 2010) ensemble forecast
database. It can reveal the relative importance (based on the
magnitude of correlations) of various influencing factors in rainfall
processes and some relationships that may not be obvious to find
using other analysis techniques. In the present study, the area-
averaged 12-hr accumulated precipitation of both observation and
forecast in the two stages was calculated as forecast metrics.
Pearson correlation coefficient was used to measure the magnitude
of linear relationship between 12-hr accumulated precipitation
averaged over 21.5–24.5°N, 110–117°E (denoted by the black box in
Figure 1, hereafter the control area) and variables of interest at
each grid at different forecast times. At a certain grid point, the
Pearson correlation coefficient was calculated as follows:

r ¼ ∑ni¼1 Xi � X
� �

Pi � P
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ni¼1 Xi � X

� �2
∑ni¼1 Pi � P

� �2q (1)

where P is the area-averaged 12-hr accumulated precipitation, X is the atmospheric variable of interest at cer-
tain forecast time at this grid point, the overbar represents the mean of the variable, and n is the ensemble
size (n = 150 herein). Assuming that the 150 members have equal probability, the linear relationship is statis-
tically significant at 95% confidence level under two-tailed Student’s t test when correlation coefficient is
greater than 0.1602. The equitable threat score (ETS) (Wilks, 1995) was applied in this study to measure the
rainfall forecast skill.

3. Case Overview

In this persistent rainfall process, widespread convective cells were initiated in Guangxi Province (its location
is given in Figure 1, hereafter Guangxi for short) at 1500 UTC 29 March (Figure 2a) and propagated eastward,
gradually evolving into a large MCS in Guangdong. A west–east oriented rainband formed at around 0000
UTC 30 March (Figure 2b). S2 was mainly featured with a long squall line with a strong bow structure
(Figures 2e and 2f). Successive MCSs led to persistent heavy rainfall in Guangdong.

The synoptic environment of this event was examined using ERA-Interim analysis fields at 0600 and 1800
UTC 30 March, which were closest to the times of two rainfall peaks, respectively (black line in Figure 3).
The 500-hPa geopotential height revealed a short trough to the northwest of Guangdong (Figure 4a), and
the trough became shallower as moving eastward (Figure 4b). The axis of the subtropical high was
located around 15°N (Figure 4a). A cyclonic vortex at 850 hPa was located over south China and propa-
gated eastward with a low-level jet (defined as a wind belt with a speed of no less than 12 m/s)
embedded in its southeast flank (shaded in Figures 4c and 4d). The 850-hPa synoptic circulation pre-
sented a saddle-like pattern, which is typical in premonsoon season in south China according to Wu
et al. (2010). A surface low resided in western Guangxi at 0600 UTC and moved eastward with the
850-hPa vortex (Figures 4e and 4f). In the meantime, a surface convergence line stayed persistent along
the coastal area of Guangdong. The evolution of total column water (Figure 5) showed sufficient moisture
transport from the South China Sea (SCS). During the 3 days, total column water in most parts of
Guangdong was over 40 mm. To summarize, this heavy rainfall event was under the influence of the mid-
level short trough, the low-level vortex, and the low-level jet.

Figure 3. Evolution of area-averaged 6-hr accumulated precipitation over the
black box in Figure 1 of observation and ensemble mean forecast from
ECMWF. The black solid line indicates the observation, and the ensemble mean
forecasts that initialized at 0000 UTC 29 March, 1200 UTC 29 March, and 0000
UTC 30 March 2014 are denoted by solid, dashed, and dotted gray lines,
respectively. Time range of the two rainfall stages are shown by light (S1) and
dark (S2) gray shading.

10.1002/2017JD028155Journal of Geophysical Research: Atmospheres

ZHANG AND MENG 3577



4. Results
4.1. Forecast Verification

The ensemble mean of ECMWF EPS had a better rainfall forecast skill in S2 than S1. All of the three
ensembles with different initial times missed the first rainfall peak (Figure 3) while having a better per-
formance in S2. According to the ensemble mean forecast, the predicted maximum rainfall magnitude in
S1 was apparently smaller and the rainfall shifted much to the northwest of the observed surface rainfall

Figure 4. Synoptic environment during the heavy rainfall event. The 500-hPa geopotential height (contoured in black
every 40 gpm) and 500-hPa temperature (contoured in red dash every 4°C) at (a) 0600 and (b) 1800 UTC 30 March 2014;
850-hPa geopotential height (contoured in black every 20 gpm), 850-hPa wind vector (blue vector, scale is shown at
bottom right), and wind speed (shaded over 12 m/s) at (c) 0600 and (d) 1800 UTC 30 March 2014. Sea level pressure
(contoured in black every 2.5 hPa), 10 m wind vector (blue vector; scale is shown at bottom right), and divergence of
bottom model level (shaded, 10�5/s) at (e) 0600 and (f) 1800 UTC 30 March 2014. The red thick dashed line in (e) and
(f) denotes the location of surface convergence line. The black boxes in all the panels denote the control area, the same as
that in Figure 1.
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center (Figures 6a and 6b), while the rainfall maxima and the rainfall distribution in S2 were quite similar
to the observation (Figures 6c and 6d). To compare the rainfall forecast skills in different stages
quantitatively, ETSs of individual ensemble members were examined (Figure 7). Considering the coarse
resolution of global ensemble forecasts, only the ETSs for 30-mm and 40-mm thresholds were
examined to reveal the different forecast skills of rainfall. The ensemble mean ETS (green lines in
Figure 7) in S1 was lower than S2 at different thresholds. Notably, most of the members
underestimated the precipitation in both stages and especially in S1. The scatterplot reflects the
strong positive correlation (r > 0.6) between 12-hr area-averaged precipitation and ETS scores in
both stages.

The ensemble forecast in the two stages was further examined by comparing ensemble members with dif-
ferent forecast performances. To determine members with the most and the least accurate rainfall forecast,
the rainfall distribution and the precipitation amount of individual members were subjectively compared
with observation, and ETSs of individual members were also considered as objective metrics. By this way,
members 97, 113, 131, and 140 were chosen as good members, while members 26, 38, 63, and 100 were cho-
sen as bad members in S1. In S2, members 7, 122, 123, and 135 were chosen as good members, while mem-
bers 15, 34, 71, and 92 were chosen as bad members (red and blue circles, respectively, in Figure 7). The
rainfall distributions of some of these members in S1 and S2 are shown in Figures 8a–8d and Figures 8e–
8h, respectively. Good members in S1 (Figures 8a and 8c) had a rainfall distribution quite similar to that of
the observation, while the rainfall in bad members in S1 (Figures 8b and 8d) was located to the northwest
of the observation with less precipitation amount. In S2, good members predicted a rainfall pattern quite
similar to the observation even though some of them overestimated local maximum precipitation such as
member 7 (Figures 8e and 8g); bad members predicted a widespread rainfall area to the north of
Guangdong (Figures 8f and 8h).

Figure 5. Total column water (mm) of ERA-Interim reanalysis at (a) 0000, (b) 0600, (c) 1200, and (d) 1800 UTC on 30 March.
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4.2. Key Factors of the Rainfall in Different Stages

ESA was applied to examine the correlations between the accumulated rainfall averaged over the control
area in different stages and atmospheric state variables at 0600 and 1800 UTC 30 March, which were at
the beginning of the most intense rainfall periods (0600–1200 UTC 30 March and 1800 UTC 30 March–
0000 UTC 31 March), to better reveal key factors for the heavy rainfall in respective stages. Comparisons
between composite fields of good members and bad members were then performed to provide more
physical insight of sensitive areas.
4.2.1. Westerly Trough and Low-Level Vortex
Analyses on the correlation coefficients between 500-hPa geopotential height and accumulated precipitation
in the two stages showed that the rainfalls in both stages had a strong correlation with the midlevel short
trough. The correlation between the forecast of 500-hPa geopotential height at 0600 UTC 30 March and
area-averaged rainfall in S1 reflected a large negative area (r ≈ �0.4) over southeastern Guangdong
(Figure 9a). This suggests that lower height in this area, indicating a deeper short trough, was associated with
more precipitation over the control area in S1. The correlation between the 500-hPa height at 1800 UTC 30
March and area-averaged rainfall in S2 showed a negative area over southeastern Guangdong (Figure 9b)
with an upstream positive area to northwestern Guangdong, indicating that the strength of short trough also
influenced the precipitation in S2 significantly.

Similar calculations were also performed for 850-hPa height (Figures 9c and 9d). In S1, the correlation
between geopotential height on 850 hPa and precipitation was strongly negative (r ≈ �0.5, stronger than

Figure 6. Precipitation distribution of observation and ensemble mean in the two stages. 12-hr accumulated precipitation
of (a) observation and (b) ensemble mean in S1 are shaded; (c) and (d) are as (a) and (b) but for S2. The black boxes in all the
panels denote the control area, the same as that in Figure 1.
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that on 500 hPa) in most Guangdong area, implying that a more southeastward low-level vortex would lead
to more precipitation in S1. However, in S2 the distribution of sensitive area on 850 hPa (Figure 9d) became
quite different: a couple of positive and negative areas were located near the low-level vortex. The positive
area covered the center of the low-level vortex and its north boundary, while the negative area covered its
south boundary. Higher geopotential height at the center and north parts of the vortex, and lower
geopotential height at the south part of the vortex, was associated with more accumulated precipitation in
S2. Considering that a sensitivity dipole is often associated with positional sensitivities to boundary or
synoptic system placement (Bednarczyk & Ancell, 2015), the correlation pattern in S2 suggests that a
weaker low-level vortex with more southeast placement was favorable for more precipitation in S2. Similar
correlation patterns were also found for 700-hPa geopotential height (not shown) and sea level pressure
(Figures 10a and 10b).

To further confirm the sensitivity signal obtained by ESA, comparisons on geopotential height between com-
posite fields of good and bad members were performed at 0600 (S1) and 1800 UTC 30 March (S2), respec-
tively. On 500 hPa (Figures 11a and 11b), good members in both stages forecasted a deeper short trough
over Guangdong, while in bad members there was no noticeable short trough. These differences were highly
consistent with ESA results. On 850 hPa, the precipitation in S1 and S2 were influenced by the low-level vor-
tex in different ways. In S1, the rainfall in the control area was more associated with the position of low-level
vortex. Goodmembers forecasted a low-level vortex more to the southeast so that the geopotential height in

Figure 7. Area-averaged precipitation versus ETS scatterplot for the thresholds of (a, b) 30 mm and(c, d) 40 mm for the two
stages. The ETSs were calculated over the black box shown in Figure 1. Good (bad) members are plotted in red (blue)
circles, and other members are plotted in grey circles. The dashed black line represents the observed area-averaged
precipitation. The thin black line represents the best fit line. The green line indicated the value of ensemble mean ETS.
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the control area was lower compared with that in bad members (Figure 11c). A more-to-the-southeast low-
level vortex led to a more-to-the-southeast low-level jet and eventually contributed to more rainfall in the
control area. In S2, the rainfall in the control area was more associated with the strength of the low-level
vortex. Good members had weaker low-level vortices (approximately 20 gpm higher in the center of the

Figure 8. Rainfall distributions of some of the typical members in the two stages. The 12-hr accumulated precipitation in S1
of good members (a) 131 and (c) 97 and bad members (b) 38 and (d) 100 and the 12-hr accumulated precipitation in S2 of
good members (e) 7 and (g) 123 and bad members (f) 71 and (h) 34.
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vortex, Figure 11d), which was consistent with the correlation results. The reason could be that a weaker low-
level vortex was associated with a narrower southerly flow, which was beneficial for heavy precipitation to
focus over a smaller geographic area. Similar results were once obtained by Lynch and Schumacher (2014)
in a rainfall case in the central U.S.
4.2.2. Low-Level Jet
Low-level jet can not only transport moisture but also determine the spatial distribution of surface rainfall.
Previous studies have shown that a low-level jet is strongly correlated with heavy rainfall and associated
MCSs (e.g., Chen et al., 2014, 2005; Nicolini et al., 1993; Squitieri & Gallus, 2016a, 2016b). As mentioned in
section 3, during this persistent heavy rainfall, there was a strong southwesterly low-level jet along the
southeast flank of the low-level vortex. The role of the low-level jet is examined in this section by calculating
the correlations between 850-hPa wind speed and the accumulated precipitation of the two stages in a way
similar to the geopotential height.

The 850-hPa wind speed in southeastern Guangdong and SCS at 0600 UTC 30 March was positively corre-
lated with accumulated precipitation in S1 (Figure 12a). The positive signal was so strong that in Pearl
River Delta region the correlation coefficient was over 0.6, far beyond that of significance level (0.1602).
The maximum correlation coefficient was 0.6582, which was the largest magnitude among the correlations
of both wind speed and geopotential height at all pressure levels with precipitation in both stages. This

Figure 9. Correlation coefficient (shading) between area-averaged accumulated precipitation in S1 and (a) 500-hPa and
(c) 850-hPa geopotential height at 0600 UTC 30 March 2014. Values over 0.1602 are shaded, representing that the linear
relationship in those areas is significant at the 95% confidence level (the same for the following correlation maps). The
ensemble mean geopotential height at 0600 UTC 30 March 2014 is contoured in black every 40 gpm (20 gpm) on 500 hPa
(850 hPa). (b) and (d) are as (a) and (c) but for correlation coefficient between the accumulated precipitation in S2 and
the geopotential height at 1800 UTC 30 March 2014. The black boxes in all the panels denote the control area, the same as
that in Figure 1.
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reinforced that in S1 a stronger low-level jet orienting from SCS to the southeast Guangdong was beneficial
for heavy precipitation to occur. A comparison of 850-hPa wind speed between good and badmembers in S1
at 0600 UTC 30 March (Figure 12c) was also consistent with the ESA results: The jet location in the composite
of good members was more to the southeast than in the composite of bad members. These results
demonstrate that when the low-level vortex was more to the southeast, the low-level jet generated from
the high geopotential height gradient area was also more to the southeast and eventually led to the
rainfall more to the southeast (e.g., Figures 8a and 8c).

In S2, there was a strong negative signal over the northwest flank of the jet region and a weak positive signal
over the southeast flank of the jet region (Figure 12b), implying that a more-to-the-south northern boundary
of the low-level jet would produce more rainfall in the control area. This was further confirmed by a compar-
ison on wind speed between the good and bad members (Figure 12d). This result suggests that for heavy
rainfall to occur in the control area in S2, the low-level jet should be narrower and not extend northwestward
to central Guangxi and south Hunan (denoted in Figure 1), which was corroborated by the weaker low-level
vortex in good members of S2 (Figure 11d).

Figure 10. (a) Correlation coefficient (shading) between the accumulated precipitation in S1 and sea level pressure at 0600
UTC 30 March 2104. Also shown are the ensemble mean 10-m wind (blue vectors) and sea level pressure (black contour
every 2.5 hPa) at this time. (b) is as (a) but for the correlation coefficient between the accumulated precipitation in S2 and
sea level pressure at 1800 UTC 30 March, with the ensemble mean 10-m wind vector and sea level pressure contour at the
corresponding time. (c) Correlation coefficient (shading) between the accumulated precipitation in S1 and 10-m wind
speed at 0600 UTC 30March. (d) is as (c) but for the correlation coefficient between the accumulated precipitation in S2 and
10-m wind speed at 1800 UTC 30 March. The wind vectors in (c) and (d) are the same as (a) and (b), respectively. The
reference vectors are given at the bottom right. The black boxes in all the panels denote the control area, the same as that
in Figure 1.
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Strong onshore winds were found near the surface (Figures 10c and 10d) associated with the 850-hPa jet,
which was consistent with Chen et al. (2014). Surface onshore winds were also significantly correlated with
the rainfall in a similar pattern as that for 850-hPa wind speed (Figures 10c and 10d), but with a smaller mag-
nitude in both stages. Stronger surface onshore winds perpendicular to the southeast coast of Guangdong
were likely to induce more intense rainfall.

Although land–sea breeze could be an essential mechanism that controls the diurnal variation of coastal rain-
fall in south China (Chen et al., 2015, 2016), the precipitation over the two stages in this event was probably
not dominated by land–sea breeze. The land–sea breeze and associated diurnal cycle of precipitation were
relatively weak (not shown) due to high southerly wind (Chen et al., 2017; Wang & Sobel, 2017). In addition,
the spatial resolution of the ECMWF global ensemble forecast (~32 km) might be too coarse to resolve the
precipitation associated with localized land–sea circulation.
4.2.3. Moisture
Correlations of total column water and moisture flux at different levels in the two stages were also calculated
to diagnose the sensitivity of precipitation to moisture. In the correlation distribution of total column water in
S1 (Figure 13a), there was a large positive area over Guangdong and SCS with a north–south orientation and a
maximum magnitude greater than 0.4 and a weak negative area in Guizhou Province (denoted in Figure 1).
This indicates that when the moisture from SCS was more sufficient, there would be more precipitation in the
control area. As shown in the comparison on total column water between good and bad members at 0600
UTC 30 March (Figures 14a and 14b), both good and bad members forecasted a high moisture tongue

Figure 11. Comparisons between good member and bad member on composite 500-hPa and 700-hPa geopotential
height. (a) Mean 500-hPa geopotential height of good (bad) members in S1 at 0600 UTC 30 March 2014 is contoured in
red thin (black dash) every 40 gpm. The black thick line denotes the location of the short wave trough in the good member
composite. (b) is as (a) but for typical members in S2 at 1800 UTC 30 March 2014. (c) Mean 850-hPa geopotential
height of good (bad) members in S1 at 0600 UTC 30 March 2014 is contoured in red thin (black dash) every 20 gpm.
(d) is as (c) but for typical members in S2 at 1800 UTC 30 March 2014.
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from SCS to Guangdong. However, in good members, the total column water maxima (over 50 mm) was
located in central Guangdong (Figure 14a), while in bad members the maxima was approximately 5 mm
smaller with more moisture extending to Guangxi (Figure 14b). Notably, the positive area of total column
water (Figure 13a) was collocated with the 850-hPa wind speed positive signal in S1 (Figure 12a). A more-
to-the-southeast low-level jet coupled with the high moisture tongue would lead to more precipitation
(Figure 14c) in the control area. On the contrary, when the low-level jet was more to the northwest and
was located outside the high moisture tongue (Figure 14b), it would transport less moisture to the
northwest of Guangdong, leading to rainfall more to the northwest with a smaller precipitation amount
compared with good members (Figure 14d).

In S2, the strong and extensive positive area oriented west–east over Guangdong and Guangxi with a small
and weak negative area covering Hunan, northwest to Guangdong (Figure 13b). This suggests that increasing
precipitation in S2 was closely related with more moisture over Guangxi and Guangdong. In good members
(Figure 15a), at 1800 UTC 30 March, the moisture in central Guangdong and Guangxi was sufficient (over
50 mm), while in bad members (Figure 15b) the moisture was more to the north of the control area. Bad
members forecasted a broader low-level jet, and thus high value of total column water, would be transported
to south Hunan and Jiangxi (Figure 15b; these two provinces are denoted in Figure 1), which consequently
resulted in less precipitation in the control area (Figure 15d). In contrast, a narrower low-level jet was more
favorable for moisture to concentrate over Guangdong (Figure 15a) and eventually resulted in heavy rainfall
(Figure 15c).

Figure 12. (a) Correlation coefficient (shading) between the accumulated precipitation in S1 and 850-hPa wind speed at
0600 UTC 30 March 2014. Also shown are the ensemble mean 850-hPa wind at this time (blue vectors) and the wind
speed of >12 m/s (black contour) every 4 m/s. (b) is as (a) but for the correlation coefficient between the accumulated
precipitation in S2 and 850-hPa wind speed at 1800 UTC 30 March, with the ensemble mean wind at the corresponding
time. (c) The composite 850-hPa wind speed of 12 m/s at 0600 UTC 30 March in good (bad) members in S1 is contoured in
red (black). (d) is as (c) but for the typical members in S2 at 1800 UTC 30 March. The black boxes in all the panels denote the
control area, the same as that in Figure 1.

10.1002/2017JD028155Journal of Geophysical Research: Atmospheres

ZHANG AND MENG 3586



The above results were reconfirmed by the correlation distribution of water vapor flux at different levels
(Figures 13c–13f). Similar correlation patterns were found at different levels with the maximum magni-
tude at 850 hPa. The correlation distribution of water vapor flux at 850 hPa (Figures 13c and 13d) greatly
resembled that of 850-hPa wind speed (Figures 12a and 12b), which implies that characteristics of low-

Figure 13. (a) Correlation coefficient (shading) between the area-averaged accumulated precipitation in S1 and the total
column water at 0600 UTC 30 March 2014. The ensemble mean total column water (>40 mm) at 0600 UTC 30 March is
contoured in black every 10 mm. (b) is as (a) but for the correlation coefficient between the accumulated precipitation in S2
and the total column water at 1800 UTC 30 March. Correlation coefficient (shading) between the area-averaged accu-
mulated precipitation in S1 and the magnitude of 850-hPa water vapor flux at 0600 UTC 30 March is given in (c). The
ensemble mean 850-hpa wind vector at 0600 UTC 30 March is also shown (blue vectors). (d) is as (c) but for the correlation
coefficient between the accumulated precipitation in S2 and the magnitude of 850-hPa water vapor flux at 1800 UTC 30
March and 850-hPa wind vector at corresponding time. (e) and (f) are as (c) and (d) but for correlations between
surface water vapor flux and precipitation and the ensemble mean surface wind (blue vectors). The black boxes in all the
panels denote the control area, the same as that in Figure 1. The reference vectors are given at the bottom right.
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level jet dominantly influenced the low-level horizontal moisture transport. In S1, there was a significant
positive signal in southeastern Guangdong and SCS, which suggests that stronger low-level moisture
transport would lead to a larger precipitation amount (Figure 13c). In S2, the stronger low-level
moisture transport near the southeast flank of the jet region associated with a broader low-level jet
was detrimental for rainfall accumulation in the control area (Figure 13d). Although not as strong as
that of 850-hPa moisture transport, the correlation between surface water vapor flux and precipitation
was still significant (Figures 13e and 13f). More surface moisture transport along the southeast coast of
Guangdong associated with stronger surface onshore wind (Figures 10c and 10d) was favorable for
heavy rainfall in the control area.

Results in section 4.2 show that the low-level jet played an essential role in both stages but influenced the
precipitation in different ways. In S1, the location of the low-level jet influenced the precipitation amount sig-
nificantly. A low-level jet more to the southeast was beneficial for more precipitation in the control area. In S2,
however, it was the width of the low-level jet that made the difference: a broader low-level jet was detrimen-
tal for heavy rainfall to occur in the control area because it would transport more water vapor to the
northern places.

4.3. Reasons for Different Forecast Skills of the Rainfall in the Two Stages

Previous ESA results pinpointed the different favorable and detrimental conditions for the heavy rainfall in
the two stages and revealed that the low-level jet played an essential role during this rainfall process. This
section further analyzes the low-level wind ensemble forecast to understand the different rainfall forecast
skills in the two stages.

Figure 14. Composite total column water (over 20 mm) of good members and bad members in S1 at 0600 UTC 30 March
2014 are shaded in (a) and (b), respectively. The yellow arrow is a conceptual representation of 850-hPa low-level jet at
corresponding time. Good member and bad member mean accumulated precipitation in S1 are plotted in (c) and (d),
respectively. The black boxes in (c) and (d) denote the control area, the same as that in Figure 1.
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Results show that the spread of the low-level jet axis had different features in the two stages. The 850-hPa jet
axis of the 150 ensemble members at 0600 and 1800 UTC 30 March were objectively identified (The MATLAB
function “regionprops” was applied to determine the jet axis based on the center, length, and orientation of
the major axis of the ellipse that has the same normalized second central moments as the large wind speed
region (850-hPa wind speed over 15 m/s). More information about this function can be found in https://www.

Figure 15. As in Figure 14 but for S2 at 1800 UTC 30 March 2014.

Figure 16. The 850-hPa jet axis of the 150 members (grey) at (a) 0600 and (b) 1800 UTC 30 March 2014. Good (bad)
members of S1 are plotted in red (blue) in (a). Good (bad) members of S2 are plotted in red (blue) in (b). The black
dashed thick line indicates the location of the jet axis of ERA-Interim reanalysis at corresponding time. The jet axis was iden-
tified automatically using MATLAB inner function regionprops based on the area where 850-hPa wind speed is over 15 m/s.

10.1002/2017JD028155Journal of Geophysical Research: Atmospheres

ZHANG AND MENG 3589

https://www.mathworks.com/help/images/ref/regionprops.html?s_tid=gn_loc_drop


mathworks.com/help/images/ref/regionprops.html?s_tid=gn_loc_
drop.) based on the morphology of the area with wind speed beyond
15 m/s (Figure 16). In S1, the distribution of jet axis was more wide-
spread than that in S2, indicating that the location of the low-level jet
at this time was quite diverse and difficult to predict accurately. In gen-
eral, the positions of jet axis in bad members (blue lines in Figure 16a)
were more to the northwest and good members more to the southeast
(red lines in Figure 16a), which was consistent with the previous ESA
results on low-level jet. The jet axis from the ERA reanalysis (the dashed
black line in Figure 16a) was located to the southeast of most ensemble
members, and this explained why the ensemble rainfall forecast was
more to the northwest with less precipitation amount compared with
observation (Figures 6a and 6b). In S2 (Figure 16b), the jet axis location
spread was much smaller, concentrating around the jet axis of ERA rea-
nalysis. The difference in the jet axis locations between good and bad
members in S2 was not as obvious as that in S1.

These results suggest that an accurate jet location played a major role
in the higher skill of rainfall forecast in the control area. When the jet
location was accurate, even though the jet was forecasted slightly
broader, it might not decrease the precipitation in the control area as
significantly as the jet location bias in S1. This was confirmed by the
worse rainfall forecast skill of bad members in S1 than bad members
in S2. For each stage, the 150-member ensemble was divided into good
subset and bad subset according to ETS. The good subset included
members whose ETS was larger than median (top 50%), and the bad
subset includes members whose ETS was lower than median (bottom
50%). Figure 17 shows that the forecast skills in S1 were worse than
those in S2 in both good and bad subsets for different thresholds.
However, the difference between S1 and S2 in the bad subset was

apparently larger than that in the good subset. This implies that a worse subset in S1 might contribute to
the lower ensemble mean forecast skill on precipitation in this stage.

Figure 16 also indicates that the location of low-level jet axis in S1 was more sensitive to small perturbations
in initial conditions, while the location of low-level jet in S2 was less widespread, and thus was easier for the
ensemble forecast to capture. The spread of the jet axis location was found to be greatly dependent on the
direction of vortex movement and the orientation of the low-level jet. As previously described, the location of
the low-level jet was associated with the geopotential height in the neighborhood. The forecast uncertainty
in the geopotential height in Guangdong partly resulted from the uncertainty of the low-level vortex. The
track of the low-level vortex during this heavy rainfall case (Figure 18) showed different directions of the vor-
tex movement in the two stages: the low-level vortex moved to the southeast from 0000 to 1200 UTC 30
March (S1) and then to the northeast from 1200 UTC 30 March to 0000 UTC 31 March (S2). Consequently,
the direction of vortex movement in S1 was nearly perpendicular to the low-level jet, while in S2 the direction
of vortex movement was more parallel to the low-level jet. When the vortex motion was perpendicular to the
low-level jet (S1), the uncertainty of the location of low-level vortex could significantly change the uncertainty
of geopotential height in the control area. As a result, there would be a larger uncertainty in the location of
the low-level jet. On the contrary, when the vortex motion was approximately parallel to the low-level jet, the
magnitude of geopotential height in the control area wasmore stable evenwith the changing vortex location
within the ensemble. This was corroborated by the evolution of 850-hPa geopotential height ensemble
spread in the control area (Figure 19). Generally, the ensemble spread of geopotential height tended to
increase with time continuously. However, all the three ensembles initiated at three different times presented
a local maximum of geopotential height spread over the control area at around 0600 UTC 30 March, indicat-
ing the larger geopotential height uncertainty when the vortex moved southeastward than that when the
vortex moved northeastward. Therefore, the changing low-level system motion direction in different stages
influenced the uncertainty of jet axis location through geopotential height in the control area.

Figure 17. Mean ETS for thresholds of (a) 30 and (b) 40 mm of good subset (top
50%) and bad subset (bottom 50%) in the two stages (black bar for S1 and gray
bar for S2).
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5. Summary and Conclusions

In this study, the stage-dependent rainfall forecast skill in a persistent
heavy rainfall in south China and the underlying synoptic-scale features
were investigated using global ensemble forecast from ECMWF. During
29–31 March 2014, two rainfall stages were clearly identified in
Guangdong from rain gauge observation. The ensemble forecast of
ECMWF had a higher forecast skill of precipitation in the second stage
(S2) than the first stage (S1), presenting a stage-dependent feature.

By applying ensemble-based sensitivity analysis (ESA), different key
synoptic-scale factors that influenced the rainfall forecast uncertainty
of the two stages were diagnosed by correlating accumulated precipi-
tation to atmospheric state variables for each stage respectively.
Results showed that the precipitation in both stages was positively cor-
related with the strength of midlevel short trough and sensitive to the
position and strength of the low-level vortex and the low-level jet on
the southeast flank of the vortex.

The low-level jet (and its associated moisture transport) was most
essential among these significant synoptic-scale impact factors in this
heavy rainfall event due to its strongest linear correlation with rainfall.
The low-level jet influenced the precipitation in S1 and S2 in different
ways. In S1, the rainfall forecast uncertainty was mainly from the loca-
tion of the low-level jet. When the low-level vortex was more to the
southeast, the low-level jet generated from the tight pressure gradient
would also movemore to the southeast, contributing to a better rainfall
forecast in Guangdong and its coastal area. In S2, however, the rainfall
forecast uncertainty mainly came from the width of the low-level jet. A
weaker low-level vortex was associated with a narrower low-level jet,
which led to the transport of moisture focusing in the control area and
resulted in a better rainfall forecast in Guangdong.

The stage-dependent forecast skills of precipitation in this case could
be attributed to the different forecast uncertainties of the low-level
jet location in the two stages, which might be relevant to the specific
atmospheric flow pattern and the direction of system movement. The
lower forecast skill of precipitation in S1 was strongly associated with
the less accurate location of the low-level jet in the ensemble forecast.
Examinations on the jet axis of the ensemble forecast showed that loca-
tions of low-level jet axis in S1 were diverse among ensemblemembers,
while in S2 they were more concentrated and better captured by the
model. When the low-level vortex was moving southeastward (perpen-
dicular to the low-level jet), the geopotential height uncertainty in the
control area was large, conducive to a wide ensemble spread of the
jet location in S1. After that the low-level vortex moved northeastward
(parallel to the low-level jet), leading to a smaller height uncertainty in
the control area and thus the jet locations were more concentrated and
well predicted in S2. Once the jet location was correctly forecasted (as
in S2), even though the jet width was forecasted slightly broader, it
would not decrease the precipitation in the control area as significantly
as the jet location bias (as in S1).

This study suggests that the uncertainty of low-level jet in operational
numerical model can exert prominent influence on quantitative fore-
cast skills of heavy rainfall in south China. The forecast uncertainty of
the low-level jet location in different rainfall stages can be strongly

Figure 19. Evolution of area-averaged ensemble spread of 850-hPa geopoten-
tial height over the black box in Figure 1. The solid, dashed, and dotted lines
indicate the ensemble forecast initialized at 0000 UTC 29 March, 1200 UTC 29
March, and 0000 UTC 30 March, respectively.

Figure 18. Track of low-level vortices in the ERA analysis and different ensemble
forecasts. The centers of the 700-hPa low-level vortex (minimum of geopotential
height) in the ensemble mean that initialized at 0000 UTC 29 March (red cross),
1200 UTC 29 March (green triangle), 0000 UTC 30 March 2014 (blue circle), and
ERA-Interim (black dots) are marked every 6 hr from 0000 UTC 30 March to 0000
UTC 31 March. The 700-hPa height field can not only effectively reflect the
movement of low-level vortex but also avoid the topographic effects on lower
pressure level. The 850-hPa geopotential height at 0000 UTC 30 March is
contoured in black every 20 gpm, representing the low-level synoptic circulation
during this event. The thick black arrows in southeast Guangdong represent the
direction of the movement of the low-level vortex in S1 and S2.
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influenced by the juxtaposition between the low-level system motion and the low-level jet. The variability of
this juxtaposition is probably the primary cause of the stage-dependent precipitation forecast skills, which
even overweighs the influence of forecast lead time. Such a variation in the juxtaposition of the low-level vor-
tex and the low-level jet has been also observed in other heavy rainfall processes in south China (e.g., Fu et al.,
2010; Huang & Meng, 2014).
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