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Abstract

The present work examines a severe, long-lived bow echo in South China during
12–13 April 2016 and investigates the favorable factors for its strength and longevity us-
ing a series of 20 cloud-resolving ensemble experiments. Analysis of observational data
indicated that this system developed near a surface front under unstable and favorable
conditions with dynamic uplifting by approaching troughs at 500–700 hPa. After formation,
it propagated rapidly toward the east–southeast across South China and made landfall in
Southern Taiwan. The ensemble used four different datasets as initial and boundary condi-
tions and started at five different initial times, whereby comparing the better-performing
members with worse ones, four key factors promoting its strength and longevity were
identified: (1) A stronger and moister low-level southwesterly flow to the south of the
front to enhance convergence and moisture flux at the leading edge—where a stronger
inflow with higher equivalent potential temperature (θe) values could feed into the bow
echo—leading to a stronger and taller updraft and overall more abundant hydrometeors
and rainfall; (2) stronger northwesterly to westerly winds near 700 hPa and thus stronger
low-level vertical wind shear, resulting in a stronger rear inflow jet (RIJ), bookend vortices
behind the bow apex, and, eventually, a faster propagation speed; (3) a deeper low to
the northeast of the bow echo near 850 hPa, where its circulation also helped to bring
in low-θe air from farther away and enhance the RIJ and cold pool; and (4) a convective
initiation location farther to the east in a more favorable environment, with higher θe and
a faster speed to remain in such a better environment. Helped by the above factors, the
bow echo in the present case could reach the observed severity and long duration (~15 h)
through interactions and reinforcement among its structural components, including the
tilted updraft/downdraft, the low-level inflow and stratiform region, the RIJ and bookend
vortices, and the cold pool and gust front.

Keywords: bow echo; rear inflow jet; severe weather; convective line; front; cyclone

1. Introduction
A bow echo is a highly organized, linear mesoscale convective system (MCS) char-

acterized by a forward-bulging, bow-shaped leading edge in radar observation, typically
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accompanied by a trailing stratiform precipitation region [1–4]. They have a horizontal
scale of about 20–200 km, a lifespan of roughly 3–12 h, and can be classified into three
stages: strong echo, bow echo, and comma echo [1]. As a type of severe weather, bow
echoes often cause intense straight-line winds, heavy rainfall of short durations, hail, and
even tornadoes at times [1–8], thus posing substantial threats to safety of the society. Due
to their mesoscale nature and rapid evolution, they also present a challenge in forecasting
and mitigation, e.g., [1,3,8,9].

Bow echoes typically evolve from a segment of a linear MCS, i.e., a squall line, so
they share a common environment conducive to formation and maintenance [2,3,6–8],
including the presence of instability to convection, abundant moisture near the surface,
strong low-level vertical wind shear, and, preferably, relatively dry conditions further aloft
at mid-levels [10,11]. When fully developed, many of their structural characteristics are also
similar, such as a pair of tilted updraft and downdraft [12–14] with vertical wind shear that
is roughly in balance with the environmental shear [15,16], system-relative low-level front-
to-rear (FTR) inflow, and, behind the leading line, upper-level FTR outflow that forms the
stratiform clouds and precipitation [3,6,7,12–14], as well as the mid-level rear-to-front (RTF)
inflow that develops in response to the reduced local pressure [17,18]. Also, associated with
the cold downdraft enhanced by evaporative cooling of hydrometeors, a gust front forms
at its leading edge to further enhance the uplifting and the updraft. Thus, mainly due to
the tilted structure in a sheared environment, the updraft/downdraft pair can reinforce
each other, leading to increased severity and a longer duration of the system [3,6,7,12–18].

The main differences between bow echoes and squall lines lie in their severity and
shape. In bow echoes, the mid-level rear inflow is more intense and can be called a rear in-
flow jet (RIJ), which sinks to the gust front and causes the part of the line ahead to propagate
faster and bulge forward, thus forming a protruding apex in radar reflectivity [3,6,7,17–19].
At this point, a segment of the squall line has evolved into a bow echo. At the gust
front, the damaging winds can be as strong as 30–50 m s−1 and cause serious hazards,
e.g., [1–3,6,7,19–22]. Another distinct signature of bow echoes is a pair of “bookend vor-
tices” at the two flanks behind the line at lower and middle levels during their bow-echo
stage, linked to the appearance of the RIJ [1,6–8,16,19–25]. In the Northern hemisphere,
the cyclonic vortex appears on the left side and the anticyclonic one on the right side of
the RIJ, in agreement with the jet’s shearing vorticity. Idealized numerical simulations at a
horizontal grid size (∆x) of 2 km have indicated that the bookend vortices form initially
through tilting of the environmental vertical shear by the downdraft, then via tilting of
the system-generated vorticity associated with the updraft-downdraft pair by the updraft
during the mature stage [23]. This counter-rotating pair of bookend vortices acts to focus
and reinforce the RIJ, and thus promotes system strength and longevity [19,20,24]. Also,
although the vortex pair is often rather symmetrical after formation, the cyclonic (anti-
cyclonic) one tends to be enhanced (suppressed) by the Coriolis effect with time, thus
resulting in a comma echo at the late stage [1–3]. Thus, the development and evolution of
bow echoes are mostly controlled by the dynamics of the relevant processes at the storm
scale, including the updraft/downdraft, cold pool, and the RIJ, provided that a favorable
environment with instability and significant vertical wind shear is present.

As a strong vertical wind shear and instability are both necessary in their environments,
bow echoes mostly occur during spring and summer in mid-latitudes, especially over the
Great Plains and Midwest of the United States, e.g., [2,3,7,8,10–14,22–26]. Near South China
and Taiwan in East Asia, they can develop as well, although not as frequently and are typi-
cally weaker [27–31]. Under the influence of monsoon, the bow-echo environment in East
Asia can be quite complex, often with abundant moisture at low levels but weaker shear,
e.g., [27–31], and differ from those in the mid-latitudes to some extent in their formation
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and maintenance, e.g., [30–32]. On the other hand, during frontal passages, the conditions
in vertical shear can be more suitable, and bow echoes can at times develop in the cold
season when the atmosphere is unstable above the frontal surface, e.g., [33]. Naturally, such
an environment usually does not contain a large amount of convective available potential
energy (CAPE), e.g., [9], for instability, and the bow echo can be quite asymmetrical [25,30];
for example, as in an anticyclonic case recently studied by Wang et al. [34]. Thus, how bow
echoes in East Asia differ from typical systems in mid-latitudes in their structure, formation,
and maintenance remains an interesting and important question not yet fully understood.

During 12–13 April 2016, another bow echo with a clear bulge developed and prop-
agated across South China in a region of widespread convection (Figure 1). It produced
surface wind gusts up to ~25 m s−1, with hail and heavy rainfall, as well as damage to
many houses, buildings, infrastructures, and the power grid. While bad weather took place
for over 24 h, the bow echo itself was intense and lasted for 15 h, with a relatively long
lifespan in this region [28,29]. Therefore, it is a unique and interesting event that warrants
detailed investigation. Due to its high intensity and long lifespan, we are particularly keen
to understand the environmental conditions and favorable factors leading to its formation
and development, as well as the reasons for why that part of the squall line formed the bow
echo. To fulfill this goal, an ensemble of 20 high-resolution model simulations is performed,
and, in terms of the reproduction of bow-echo features, the more successful members are
compared and contrasted with the less successful ones. While the ensemble approach is
still quite limited in the literature, e.g., [35,36], the important factors for the bow formation
in the present event can be isolated in this way to augment our understanding on bow
echoes in subtropical East Asia.

 

Figure 1. Radar reflectivity composites (dBZ) over South China at selected times every 2, 3, or 4 h
from (a) 0800 UTC 12 April to (i) 0400 UTC 13 April 2016, as labeled (0000 UTC = 0800 LST). The
convection of interest is marked by the arrow in (a) at its initiation, and the two sounding sites used
in Figure 6 are marked by the triangles in (b) for Wuzhou (59265) and (g) for Makung (46734). The
names of provinces of China mentioned in text are also labeled in (i).
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The remainder of this paper is arranged as follows. In Section 2, the data, case
overview, synoptic conditions, numerical model, ensemble experiments, and methodology
to analyze model results are described. The model results, including the control (CTRL)
experiment and the other members, are described and discussed in Section 3. In Section 4,
further discussion on the favorable environmental factors is provided. Finally, a summary
and conclusions are offered in Section 5.

2. Data and Methodology
2.1. Data

The observational data used in this study include the following. To document the
morphology and evolution of the bow echo during 12–13 April 2016, radar reflectivity
mosaics from the China Meteorological Administration, as well as those from the Central
Weather Administration (CWA) of Taiwan, were used. Surface and upper-level weather
maps in East Asia from the CWA were employed for synoptic analysis, and soundings at
selected sites were also used for thermodynamic conditions before the event.

For the ensemble model experiments, four widely used objective gridded analysis
datasets by major centers during the case period were adopted as the initial/lateral bound-
ary conditions (IC/LBCs): the National Centers of Environmental Prediction (NCEP) Global
Forecast System (GFS) operational final (FNL) analysis [37,38]; the analysis of the NCEP Cli-
mate Forecast System version 2 (CFSv2) [39], both from the United States; the European Cen-
ter for Medium-Range Weather Forecast (ECMWF) Reanalysis (ERA)-Interim [40,41]; and
the Japan Meteorological Agency (JMA) Global Spectral Model Analysis (GANAL) [42–44].
With different horizontal resolutions but all at 6 h intervals, these four datasets will be
further described later in Section 2.5. Among them, the NCEP FNL will also be used
to compare and validate the CTRL experiment in Section 3.1. Based on model results,
the circulation patterns and environmental conditions among these datasets will also be
compared to identify the factors favorable for the bow echo case.

2.2. Case Overview

The bow echo in this study occurred during 12–13 April 2016 (Figure 1). The convective
system initiated over Guizhou Province in Southwestern China in the afternoon of 12 April
(Figure 1a, 0800 UTC = 1600 LST) near a frontal zone (to be shown shortly) and subsequently
propagated southeastward while intensifying (Figure 1a–c). By the early hours of 13 April,
the system had evolved into a well-defined bow echo (Figure 1c,d), affecting Guangxi
and Guangdong Provinces and producing severe weather, including strong winds, heavy
rainfall, and hail (Figure 1d–i). When the bow echo moved into the Taiwan Strait, it was
also captured by the radar network in Taiwan (Figure 2). It made landfall in Southern
Taiwan and lasted through 0700 UTC 13 April. Here, using the criteria of [45] for convective
lines near Taiwan (i.e., maximum radar reflectivity ≥ 20 dBZ, length ≥ 150 km, and
duration ≥ 3 h), plus a clear bulge in reflectivity, the lifecycle and propagation of this bow
echo observed by radars have been mapped and shown in Figure 3. Thus, since the system
reached the criteria at 1500 UTC 12 April, it persisted as a bow echo for approximately 15 h,
representing a relatively long-lived event in South China and Taiwan, as mentioned [28,29].
In Figure 3, one can see that the convective line moved relatively slowly at the beginning
after formation but started to propagate rapidly once it evolved into a bow echo. Its mean
propagation speed was 22.1 m s−1 during the bow-echo stage compared to 19.2 m s−1 over
its entire lifespan. In fact, in Figure 1, a second bow echo appeared around 1800–2000 UTC
12 April as it moved across the Northern Taiwan Strait, but its lifespan was much shorter
and lasted only a few hours (Figure 1d,e). Therefore, certain favorable factors must have
been there to enhance the bow echo studied herein.

https://doi.org/10.3390/atmos17050447

https://doi.org/10.3390/atmos17050447


Atmosphere 2026, 17, 447 5 of 28

Figure 2. Radar reflectivity composites (dBZ) from the CWA radars in Taiwan at (a) 0430, (b) 0500,
(c) 0600, and (d) 0700 UTC on 13 April 2016 (0000 UTC = 0800 LST).

2.3. Synoptic Environment and Instability

From the CWA surface weather maps, a stationary front is seen to exist over South
China, to the south of the Yangtze River, at 0600 and 1200 UTC 12 April 2016, separating
relatively warm air to the south from cooler air to the north (Figure 4a,b). While the front
provided some lifting, a low-pressure appeared at its western end, transporting warm air
toward the front. Near the front and low center, the convection that would evolve into the
bow echo was triggered by 0800 UTC (red “x” in Figure 4a). Since the bow echo was moving
at a high speed, it gradually propagated farther south, away from the frontal zone, and
well into the warm side. By 0000 UTC 13 April, its apex had already moved offshore (red
open circle), and the front had also started to move south to affect Guangxi and Guangdong
Provinces (Figures 3 and 4c). Six hours later, the front almost reached the coastline of China,
though the bow echo had already hit Southern Taiwan (Figures 2c, 3 and 4d).
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Figure 3. Hourly position and movement of the convective system/bow echo from 0800 UTC 12 to
0700 UTC 13 April 2016, as determined from the radar observation (0000 UTC = 0800 LST). The apex
of the bow echo or middle point of the convective line are marked by the circle (thickened every 3 h
during bow-echo stage), and the legend illustrates the meaning of different symbols.

The upper-air weather maps show that at 0000 UTC 12 April, the trough at 850 hPa
was located north of the Yangtze River and a southwesterly flow of 10–15 kts prevailed
over the entire South China (Figure 5c). In other words, the stationary front at the surface
was shallow at this time. The flow over South China turned into west–southwesterly
to westerly, strengthening to 20–30 kts at 700 and 500 hPa, with an approaching short-
wave trough from the west at both levels (Figure 5a,b). The advancing troughs provided
rising motion ahead and the veering of winds with height indicated warm air advection,
both favoring convective initiation (CI). In addition, the strong vertical wind shear was a
vital ingredient for the deep convection to organize into squall lines and bow echoes, as
mentioned. One day later at 0000 UTC 13 April, as the 500 hPa trough moved through
the area (Figure 5d), the front at 850 hPa deepened significantly over South China, with a
clear cyclonic circulation and a low-pressure center north to northeast of the bow echo, and
became vertically coupled with the surface front (Figure 5e). At 700 hPa, a corresponding
wind-shift line also appeared (Figure 5f), so the frontal system became much deeper. Note
that around this time, this developing front-trough system provided northwesterly flow
throughout low levels at the backside of the bow echo, which was propagating toward
the coast of South China. In other words, the circulation of this deepening front-trough
system was feeding northwesterly flow into the backside of the bow echo, a point that will
be further discussed later. Apparently, the northwesterly flow and the northerly winds
behind the 850 hPa front also pushed the front-trough system southward.
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Figure 4. The CWA surface weather maps for (a) 0600 and (b) 1200 UTC 12 April and (c) 0000 and
(d) 0600 UTC 13 April 2016. Black solid lines are isobars of sea-level pressure (hPa) analyzed every
4 hPa (thickened every 20 hPa). The apex of the bow echo is marked by the open red circle in (b–d),
and its initiation location at 0800 UTC (see Figures 1 and 3) is marked by the red “x” in (a).

For thermodynamic conditions prior to the convection, two soundings were selected
and are shown in Figure 6. The sounding at Wuzhou (59,265) at 1200 UTC 12 April
(Figure 6a), about 8 h before the passage of the bow echo (see Figure 1b,e), indicates that
the parcel from the most unstable level, located at 850 hPa, possessed a respectable amount
of CAPE—about 856 J kg−1—with nearly no convective inhibition (CIN). In fact, if uplifted
from roughly 950 hPa and closer to the surface, a parcel there would have nearly the same
CAPE. The sounding at Makung (467,34) on the island of Penghu over the Taiwan Strait
at 0000 UTC 13 April was launched about 4 h before the convective line passed through.
A surface parcel would possess about 461 J kg−1 of CAPE with some CIN of 84 J kg−1 to
overcome and reach free ascent. Thus, the thermodynamic conditions in the region were
also supportive to convection. Overall, as shown in Figures 4–6, the synoptic environment
of the bow echo was quite favorable for the initiation and maintenance of deep convection,
and for the development of the linear convection and bow echo as well.
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Figure 5. The CWA weather maps at (a) 500 hPa, with wind barbs (knots), geopotential height
contours (gpm, black) every 60 gpm, and isotherms (◦C, red dash) every 5 ◦C; (b) 700 hPa, with wind
barbs (knots), geopotential height contours every 30 gpm, and isotherms every 3 ◦C; and (c) 850 hPa,
with variables and plotting method as in 700 hPa, at 0000 UTC 12 April 2016. The troughs are marked
by thick dashed lines. (d–f) are the same as in (a–c), except at 0000 UTC 13 April 2016. Locations of
the convective system are also marked in (c,f) as in Figure 4.
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Figure 6. The soundings with vertical wind profile (knots) at (a) Wuzhou (59265) at 1200 UTC
12 April and (b) Makung (46734) at 0000 UTC 13 April 2016. Selected relevant parameters for the
most unstable level are given inside the box at the top-right corner, and the process curve is depicted
by the thick dashed line. Locations of the two sites are marked in Figure 1b,g.

2.4. Numerical Model

In this study, all numerical experiments were conducted using the Cloud-Resolving
Storm Simulator (CReSS, version 3.4.2), developed by Nagoya University of Japan [46,47].
The CReSS model is a nonhydrostatic model equipped with comprehensive cloud micro-
physics schemes, allowing for detailed representation of convective clouds and MCSs alike.
In this study, the single-moment cold-rain cloud microphysics scheme based on [48–52]
is adopted. The model has been widely applied to study convective storms, tropical cy-
clones, heavy rainfall events, and other types of severe weather, e.g., [53–58]. A detailed
description of the model can be found in [47] and some studies referenced above.

The CReSS model utilizes a single high-resolution domain (no nesting), with a hori-
zontal grid spacing of 2 km here. The model domain consists of 1350 × 1200 grid points
in the horizontal (Figure 7) and 40 vertical levels with a model top at 20 km (averaging
500 m apart, Table 1). The vertical coordinate is, in fact, a hybrid based on height with
terrain-following coordinates below the lowest constant-height level, which is set to 12 km.
For time integration, CReSS uses a split time-step scheme [59,60], with a large time-step of
4 s for low-speed modes and a small time-step of 2 s for acoustic and gravity waves. At the
bottom of the model, topographic data and sea surface temperature (SST) analyses from
the National Oceanic and Atmospheric Administration (NOAA) were also provided [61].
Model outputs were saved at hourly intervals for subsequent analysis. Table 1 provides a
list for the major specifications of the model common to all experiments.

https://doi.org/10.3390/atmos17050447

https://doi.org/10.3390/atmos17050447


Atmosphere 2026, 17, 447 10 of 28

Figure 7. Model domain (color area) and topography (m, scale at bottom).

Table 1. Configurations and physical options of CReSS that were common to all experiments in
this study.

Projection Lambert conformal, center at 120◦ E, secant at 20◦ N and 40◦ N
Grid spacing (km) 2.0 × 2.0 × 0.2 − 0.663 (0.5) *
Grid dimension 1350 × 1200 × 40
Sea surface temperature NOAA optimal interpolation SSTv2 (1◦ × 1◦)
Topography data Digital elevation model at intervals of (1/120)◦

Cloud microphysics Single-moment bulk cold-rain scheme
PBL turbulence 1.5-order closure with turbulent kinetic energy prediction
Surface processes Momentum/energy fluxes and shortwave/longwave radiation
Substrate model 43 levels, every 5 cm to 2.1 m in depth

* The vertical grid spacing (∆z) of CReSS is stretched (smallest at the bottom, set to 0.2 km), and the average
spacing (0.5 km) is given in parentheses.

2.5. Design of Ensemble Experiment

To examine the sensitivity of the bow echo in the CReSS simulation and to identify
the important factors affecting the results, an ensemble approach is adopted in this study.
For this purpose, an ensemble is produced using four different analysis datasets by major
centers with five different initial times as IC/LBCs, resulting in a total of 20 ensemble
simulations. As mentioned, the four datasets include the NCEP GFS FNL, the NCEP CFSv2,
the ERA-Interim by the ECMWF, and the JMA GANAL, all at 6 h intervals [37–44]. In
Table 2, these datasets and the five initial times are listed. Since ECMWF and JMA provide
only one dataset each, it may be denoted simply by the agency name later. All ensemble
simulations employed identical model configurations and physical parameterizations,
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differing only in their IC/LBCs (and simulation length). This strategy allows for an
intercomparison among simulation results of the bow echo using somewhat different but
widely used IC/LBC products from different meteorological centers.

Table 2. The four datasets for IC/LBC and five initial times used to produce the CReSS ensemble
experiments in this study.

Analysis NCEP FNL NCEP CFSv2 ECMWF ERA JMA GANAL

Resolution 0.25◦ × 0.25◦,
26 levels, 6 h

0.5◦ × 0.5◦,
38 levels, 6 h

0.75◦ × 0.75◦,
26 levels, 6 h

0.5◦ × 0.5◦,
23 levels, 6 h

Initial times 0600, 1200, and 1800 UTC 11; 0000 and 0600 UTC 12 April 2016
Simulation length All experiments end at 1800 UTC 13 April 2016

2.6. Analysis of Model Results

As the last initial time is 0600 UTC 12 April and all runs end at 1800 UTC 13 April
2016, they can cover the entire lifespan of the bow echo (Table 2). In all 20 experiments,
organized convection was produced in South China during 12–13 April. These results
were evaluated against the observation for morphology, duration, propagation speed, and
structural characteristics of the bow echo—mainly subjectively—for an overall assessment.
The experiment that best reproduced the bow echo is identified as the CTRL (the one
initialized at 0000 UTC 12 April using NCEP FNL as IC/LBCs), which is to be validated in
Section 3.1. Among all 20 runs, certain members simulated the bow echo more successfully,
with a more distinct bulge, more accurate track, and longer duration. Others, on the other
hand, failed to maintain an organized convective line long enough, thus with a shorter
lifetime, and were less successful. Subsequently, the best six of these were selected as
the “good member” (GM), as they produced a clearer bow shape with a longer duration.
Conversely, the worst six members were also chosen as the “bad member” (BM). By
comparing the composite results of GMs and BMs using the apex as the common point of
reference, further investigation of key differences in the structure and intensity of the bow
echo, including those of the RIJ, can be identified. Similarly, differences in the environment
that could contribute to the differences in the bow echo and its longevity, such as moisture
supply and circulation patterns, are also examined and discussed.

3. Model Results
3.1. Control Experiment and Validation

As mentioned, widespread and organized convection over South China during
12–13 April 2016 was captured in all 20 ensemble experiments. While the bow echo was
reproduced more faithfully in many of them, the bow-shaped feature was not as distinct
nor even barely discernible in some other runs. Nevertheless, even in the latter cases, a
convective line could still be identified. Thus, using the method as for Figure 3, the apex
of the bow echo, or the center of the corresponding convective line, during its lifespan
in each of all 20 runs was identified, as shown in Figure 8. Here, the column-maximum
mixing ratio of precipitation (rain + snow + graupel) was used for identification, as radar
reflectivity is mainly caused by such larger, falling particles. As seen, while runs using some
datasets produced fairly concentrated tracks for the bow echo/line convection (e.g., NCEP
FNL and JMA) and others less so (e.g., NCEP CFSv2), all systems have a long lifespan and
propagation direction comparable to the observed bow echo. Notably, these lifespans and
the propagation speeds during the bow-echo phase (around 20 m s−1) are significantly
longer and faster than averaged squall lines and MCSs in South China [27–29,62]. In
Figure 8, in earlier runs (green and purple), the convection also tends to initiate at a later
time, e.g., during 1200–1400 UTC 11 April.
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Figure 8. Hourly position (dots) and movement of the bow echo/convective system in the 20 ensemble
experiments using (a) NCEP FNL, (b) NCEP CFSv2, (c) ECMWF ERA, and (d) JMA GANAL as
IC/LBCs, as determined from the distribution of column-maximum mixing ratio of precipitation
(g kg−1, rain + snow + graupel). Experiments with different initial times are differentiated by color
(see legend) with starting/ending times labeled (in format of “ddtt” for date/time in UTC), and the
observed track (red) is also plotted (same as in Figure 3). During bow-echo stages, the apex positions
are enlarged every 3 h, and the two triangles (with numbers) mark the positions at 1800 UTC 12 (first)
and 0000 UTC 13 (second) April 2016.

From Figure 8 and the loops of other relevant plots (e.g., kinematic structure and
rainfall pattern), the experiment initialized at 0000 UTC 12 April using NCEP FNL analysis
was determined to best reproduce the bow echo and was thus designated as the CTRL
(track in black in Figure 8a). The characteristics of this system in the column-maximum
mixing ratio of precipitation and vertical motion are shown in Figure 9 at two instances:
1800 and 2200 UTC 12 April 2016. At 1800 UTC (Figure 9a), the system in the CTRL has
already evolved into a bow echo, with its apex near 24.0◦ N, 110.4◦ E and a clear rear
inflow at the level of z = 1594 m (near 850 hPa). To the south of the system, the low-level
flow is coming from the southwest at about 16 m s−1 and is quite uniform. Farther up at
3201 m, the strong westerly to west–northwesterly flow, over 20 m s−1 at some places at
the backside and feeding into the bow echo, is also visible (Figure 9b). At this time, the
location of the bow echo is very close to the observation (also Figures 1d and 8a), although
the system in CTRL is perhaps somewhat less pronounced in its bow shape. As noted, the
low-level trough extended from the bow echo toward the northeast, with a low-pressure
center near 28◦ N, 115◦ E. Four hours later at 2200 UTC, the bow echo in CTRL evidently
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has further intensified along with its RIJ at both 1594 and 3201 m (Figure 9c,d), which is
also consistent with the observation (see Figure 1f).

 

4/12 1800 UTC 4/12 2200 UTC 

4/12 1800 UTC 4/12 2200 UTC 

Figure 9. (a) Maximum total mixing ratio of precipitating particles (g kg−1, rain + snow + graupel,
color) and horizontal wind vectors (m s−1, reference length at bottom) at z = 1594 m; (b) upward
motion (m s−1, color, scale at bottom) and horizontal wind vectors (m s−1) at z = 3201 m at 1800 UTC
12 April 2016 in CTRL. (c,d) are the same as in (a,b), except at 2200 UTC.

As an additional verification, Figure 10 shows a comparison of NCEP FNL analysis
at 925 hPa with the CTRL at the output level of z = 896.4 m (closest to 925 hPa) at three
different times of 1200 and 1800 UTC 12 April and 0000 UTC 13 April 2016. The CTRL is
seen to reproduce the low-level trough at roughly the correct location with clear cyclonic
circulation, but the southwesterly flow on the warm side of the trough tends to be slightly
weaker in the model, presumably linked to its more rugged terrain (Figure 10). With
the development of the bow echo, the distortion of the trough in the CTRL toward the
later stage at 0000 UTC 13 April is also more evident—somewhat expected in such high-
resolution experiments. Thus, the orientation and movement of the bow echo, as well as
the main precipitation region, are reproduced quite well in the CTRL. However, certain
deficiencies can be noted, as the convection with a circular shape to the north and east of
the bow echo around 2200 UTC 12 April is not fully captured (see Figures 1f and 9c), and
some peripheral convective cells are also weaker than observed. Despite these limitations,
the CTRL provides a good and realistic simulation, as well as a reasonable baseline for
further comparison and evaluation on the performance of other ensemble members.
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Figure 10. Pressure field (Pa, isobars every 1 hPa) and horizontal wind vectors (m s−1, reference
length at bottom) at z = 896.4 m in CTRL at (a) 1200 and (b) 1800 UTC 12, and (c) 0000 UTC 13 April
2016. (d–f) are the same as in (a–c), except for geopotential height (gpm, contours every 10 gpm) and
horizontal wind vectors (m s−1) at 925 hPa in NCEP FNL analysis at the three times. Thick dashed
lines indicate trough/wind-shift line.

3.2. Important Factors from Ensemble Experiment

Based on how well the bow echo was reproduced in the experiments, all 20 ensemble
members were classified into three groups as mentioned: six GMs, six BMs, and eight
others in between (Table 3). Using the apex during the bow-echo stage (or the center of
line convection otherwise) as the common reference point, i.e., the origin (see Figure 8), the
CReSS model outputs in the GM and BM groups are extracted to produce composites using
arithmetic mean for comparison. Also, in each run, the time with the most pronounced bow
shape is identified as t = 0 h, as shown in Table 4, and the following five phases are used for
composites: P1 (t = −6 to −4 h), P2 (t = −3 to −1 h), P3 (t = −1 to +1 h), P4 (t = +1 to +3 h),
and P5 (t = +4 to +6 h). These phases roughly correspond to the formation, development,
maturation, weakening, and dissipation stages in the lifecycle of the bow echo (or line
convection), and each composite is made from 18 fields (6 members × 3 output times). By
comparing the composites of GMs and BMs from P1 to P5, we can identify differences
in structure and intensity of the bow echo between GMs and BMs, and subsequently, the
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key differences in their environment that contributed to their eventual differences in the
CReSS simulations.

Table 3. The classification results of the 20 ensemble members in this study, including the six GMs
(GM-1 to GM-6, while CM-1 is CTRL) and six BMs (BM-1 to BM-6).

Initial Time
IC/LBCs

NCEP FNL NCEP CFSv2 ECMWF ERA JMA GANAL

4/11 0600 UTC GM-5 BM-5
4/11 1200 UTC GM-4 BM-4
4/11 1800 UTC GM-2 GM-6
4/12 0000 UTC GM-1 (CTRL) BM-1 BM-3
4/12 0600 UTC BM-2 GM-3 BM-6

Table 4. The time identified as having the most pronounced bow shape (i.e., t = 0 h and mid-point of
P3, all in UTC) in each of the members in the GM and BM groups.

GM-1 GM-2 GM-3 GM-4 GM-5 GM-6

4/12 2200 4/12 2300 4/12 2300 4/12 2300 4/12 2300 4/13 0000
BM-1 BM-2 BM-3 BM-4 BM-5 BM-6
4/12 2200 4/12 2300 4/12 2300 4/12 2300 4/12 2300 4/12 2300

In Figure 11, the composites of the precipitation mixing ratio and low-level wind field at
z = 1594 m (as in Figure 9a,c) from P1 to P5 for the GM (left column) and BM groups (middle
column) are shown for a square region from −300 to +600 km in both x and y directions
(i.e., 900 km × 900 km), with the apex placed at (0, 0). First, at P3 when the bow shape is
the most distinct in GM, its overall size (length) is larger and more comparable to the radar
observations, and it is associated with higher content in precipitating particles than the BM
group, such that the positive portion (warm colors) in their differences show a similar shape as
the bow echo itself (Figure 11c,h,m). Implied by the content of precipitating condensates, the
overall rainfall area in GMs also appears larger, particularly near the trough. At the backside
of the bow echo, the northwesterly inflow in GMs is also significantly stronger than that in
BMs at this level—and quite evident in their differences as well. To the south of the bow
echo, the environmental southwesterly flow in GMs is seen to be also stronger and produce a
stronger low-level confluence (and thus convergence) at the leading edge of the convection
than those in BMs. Such differences in Figure 11 can be traced back to the earlier stages of P1
and P2 after the formation of convective line (first two rows), and continue into the later stages
of P4 and P5 (bottom two rows). Overall, when compared with the BM group, GMs show
more active convection, with more distinct protrusion at the apex and a stronger low-level
rear inflow. The overall rain area is also larger in size, including the region surrounding the
accompanying trough, which exhibits a stronger cyclonic circulation. With a less coherent
bow structure, the BM group, on the other hand, has more hydrometeors (and rainfall) east
of the convective line as depicted in the last column in Figure 11 (negative region with cold
colors). This region, however, is farther away from the trough.

For the level of z = 3201 m (near 700 hPa) farther up, Figure 12 shows the composites
of pressure, relative vorticity, and wind fields for GMs, BMs, and their differences at P1
and P3 over the same square domain. At this level, the bow echo in the GM composites
is seen to develop near the base of the trough, and its protruding leading line is mostly
associated with positive vorticity (warm colors) following P1 (Figure 12a). Behind the
line, relative vorticity is mostly negative (cold colors) within about 30–40 km. When the
bow echo becomes the most evident at P3 (Figure 12b), the northern half on its backside
becomes dominated by positive vorticity, whereas the southern half is dominated by
negative vorticity, consistent with the development of a pair of bookend vortices and the
intensification of the RIJ [1,3,6–8,17–25]. Similar to Figure 11, the convective line in BMs
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also exhibits a weaker signature in relative vorticity and its associated trough is not as deep
(Figure 12c,d), which is likely a reflection of a weaker overall latent heating effect near the
bow echo. Although the rear inflow in the BM group is not as strong, the positive–negative
vorticity pair is still present at the backside at P3 (Figure 12d). From their differences, one
can also see that near 700 hPa, the westerly rear inflow and the prevailing southwesterly
flow to the south of the system are both stronger in GMs compared to BMs (Figure 12e,f).

 

Figure 11. Composites of column-maximum mixing ratio of precipitation (g kg−1, color, scale to the
right of middle column) overlaid with horizontal wind vectors (m s−1, reference length at bottom)
at z = 1594 m in the GM group at the five phases from (a) P1 to (e) P5. (f–j) are the same as in (a–e),
except in the BM group, and (k–o) their differences (GM minus BM, scale for mixing ratio to the right)
at the five phases. The domain shown is 900 km × 900 km in size, and the apex is located at the origin
of (0, 0). Thick dashed lines in (a–j) indicate the trough/wind-shift line.
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Figure 12. As in Figure 11 but showing pressure (Pa, isobars every 0.6 hPa), relative vorticity
(10−4 s−1, color, scale to the right of middle column), and horizontal wind vectors (m s−1, reference
length at bottom) at z = 3201 m in the GM group at (a) P1 and (b) P3; those in the BM group at (c) P1
and (d) P3; and (e,f) their differences (GM minus BM).

Figure 13 compares the kinematic structure of the bow echo in the GM and BM groups
on the vertical cross-section, along the axis of the RIJ, and through the bow apex, from
200 km behind to 100 km ahead of the apex. Following stage P1, the tilted updraft at the
leading edge in the GM composite is stronger than BMs, especially evident at the lower
and middle troposphere, despite its initial slower propagation speed (Figure 13, top row).
Linked to this stronger updraft, the system-relative FTR outflow behind the updraft also
appears thicker in depth and extends higher in elevation, peaking at about z = 7.5 km in
GMs (versus ~7.0 km in BMs). At this stage, the system-relative RIJ in GMs has already
appeared at the immediate backside of the leading line below 4–5 km, but there is little
sign for its existence in BMs. These differences are also reflected in the panel of GM minus
BM. As the bow echo in GMs strengthens in P2 and P3, it starts to propagate at a speed
over 20 m s−1, faster than the system in BMs, consistent with its stronger RIJ that exceeds
9–10 m s−1 (compared to about 3–4 m s−1 in BM), and extends much farther back behind
the line (rows 2 and 3 in Figure 13). Thus, at P3, the RIJ in GMs has a maximum ground
speed of close to 30 m s−1. The FTR outflow aloft that corresponds to the stratiform region
in GMs now becomes stronger and deeper as well. As a result, in the difference plots,
the GM updraft is much stronger and more buoyant, as are the upper-level FTR outflow,
roughly over z = 7–15 km, and the RIJ, by more than 6 m s−1 right behind the line near
z = 2–2.5 km (Figure 13j,k). At P4, the bow echo in GMs reaches its highest moving speed
of 23 m s−1 (Figure 13d), faster than the BM system by 2.7 m s−1 (Figure 13h), with similar
differences (Figure 13l). At this stage, the RIJ in GMs also has descended closer to the
surface due to its negative buoyancy. Similar differences continue into P5 but become
smaller. Also, because the RIJ in GMs is considerably stronger and extends much farther
back, it is able to draw in drier mid-level air from the environment than that in BMs, with
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lower equivalent potential temperatures (θe) by about 1 K in the RIJ at P3, resulting in a
stronger cold pool by about 2 K behind the leading edge at/near the surface as well. This
combination of a stronger RIJ, cold pool, and updraft is helpful in maintaining the intensity
of the bow echo, as reviewed in Section 1, e.g., [3,6–8,17–22]. Next, in the following section,
we further explore and discuss the reasons for such differences to occur in the environment.

 

Figure 13. Composite vertical cross-sections along the direction of the RIJ and through the apex of the
bow echo of the GM group, showing system-relative velocity vectors (all in m s−1), wind speed (color
contours, every 1 m s−1 from 1 to 10 m s−1), and vertical velocity (w, color shades) on the section
plane at (a) P1 to (d) P4. The reference vector length and color scale are both plotted below the bottom
panel. (e–h) are the same as in (a–d), except in the BM group, and (i–l) their differences (GM minus
BM, scale at bottom) at the four phases. The length of the cross-sections is 300 km (apex located at
the origin), with the distance increasing in the direction of system propagation. The average moving
speed of the group is given inside each panel.
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4. Discussion
In this section, our focus is to find the answers to the question: what are the environ-

mental factors leading to the differences in the intensity and morphology of bow echoes in
the ensemble simulations? As four of the GMs are produced using NCEP FNL as IC/LBCs
while four of the BMs are using the JMA GANAL (Table 3), differences must exist in the
environment contained in these two datasets that lead to, or at least contribute to, the
different outcomes in CReSS simulations. Therefore, we compare their differences at key
instances during the lifespan of the bow echo at 0600 UTC 12 April, when the CI is about to
occur within a few hours, and at 1800 UTC 12 April, when the bow echo intensifies toward
its maximum intensity (see Table 4).

Figure 14 compares the height and wind fields at 850 hPa between NCEP FNL and
JMA analyses, which for the FNL at 1800 UTC is the same as Figure 10e but at a different
level. While the locations of the 850 hPa trough are similar in the two datasets at both times,
the southwesterly flow on the warm side is overall stronger in the NCEP FNL compared
to JMA. At 0600 UTC, the difference in the southwesterly flow is quite evident near the
location of CI (Figure 14a,c). Also, on average, the CI in GMs occurs farther to the east,
making it closer to the stronger southwesterly winds in the FNL (reaching about 10 m s−1).
At 1800 UTC, the differences in southwesterly wind speed between the two datasets over
the pre-frontal region are further enlarged, especially near the frontal zone (Figure 14b,d).
Due to the faster propagation speed of the bow echo and its location farther to the east in
GMs, the environmental flow (and thus, the low-level FTR inflow feeding into the system) is
also significantly stronger in GMs (about 12 m s−1) at 850 hPa compared to BMs (≤3 m s−1),
leading to its stronger updraft. This is a distinct difference between the two datasets and
the two groups. A similar difference in the strength of the low-level southerly flow was
found in a heavy-rainfall event in South China [36].

Figure 14. Comparisons of 850 hPa geopotential height (gpm, contours every 10 gpm) and wind
vectors and speeds (m s−1, speed in color, with color scale and vector reference length at bottom) in
NCEP FNL analysis at (a) 0600 and (b) 1800 UTC 12 April 2016. (c,d) are the same as in (a,b), except
for JMA GANAL. Thick dashed lines indicate trough. Red, black, and gray “x” symbols in (a,c) mark
the observed location, average location in GMs, and average location in BMs of CI (exact time not at
0600 UTC). Similarly, red open circle, black dot, and gray dot in (b,d) mark the observed location of
bow apex, and the average locations in GMs and BMs at 1800 UTC.
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The environmental conditions at 1000 and 925 hPa closer to the surface in the two
datasets are shown in Figures 15 and 16. Clearly linked to the stronger southwesterly flow
and advection, the FNL fields are warmer and moister, with higher θe values near the
convective system than the JMA fields at both 0600 and 1800 UTC 12 April. At 0600 UTC,
the θe at the CI location is at least 5 K higher in the FNL (~348 K) than the JMA (~340 K)
at 1000 hPa (Figure 15a,c). As the bow echo strengthens at 1800 UTC (Figure 15b,d), the
near-surface air feeding into the system also has significantly higher θe values (reaching
≥350 K) in FNL, due to its proximity to the warmer and wetter region, than the JMA data
(θe ≈ 340 K). Thus, at 925 hPa near the surface, the moisture flux in terms of mixing ratio is
also stronger just upstream of the system in the FNL at both times (Figure 16), particularly
at 1800 UTC when the bow echo is propagating faster and farther ahead of the trough, into
the warmer and moister environment. At this time, the moisture flux just to the south of
the bow echo can reach 120 g kg−1 m s−1 in the FNL (Figure 16b), twice as large compared
to only about 60 g kg−1 m s−1 in the JMA (Figure 16d). Therefore, the GM bow echoes are
more robust and possess a stronger and more buoyant updraft that reaches higher into
the upper troposphere, as seen in Figure 13. In some earlier studies over South China,
the model results were also found to be sensitive to moisture amount in the initial field,
e.g., [35].

Figure 15. Similar to Figure 14, but showing 1000 hPa temperature (K, isotherms every 3 K), θe (K,
color, scale at bottom), and wind vectors (m s−1, reference length at bottom) in FNL and JMA at the
two times (as labeled). The trough location is not plotted.

The conditions in the NCEP FNL and JMA GANAL at 700 hPa are compared in
Figure 17. As mentioned earlier (see Figure 12), the FNL data provide a stronger westerly
flow at this level behind the trough over the region of CI at 0600 UTC 12 April compared
to the JMA (Figure 17a,c). Even more evident at 0000 UTC, this difference is maintained
through 1800 UTC (Figure 17b,d), when the bow echo in GMs has propagated faster to a
location slightly ahead of the 700 hPa trough, whereas the system in BMs still lags behind its
corresponding trough. As a result, the 1000–700 hPa vertical wind shear at 0600 UTC over
the CI region, pointing toward the southeast, is also stronger in the FNL (about 17 m s−1,
Figure 18a) versus the JMA (about 13 m s−1, Figure 18c). Likewise, at 1800 UTC, the low-
level vertical shear is also stronger in the FNL (about 20–21 m s−1, Figure 18b) compared to
the JMA (about 10 m s−1, Figure 18d), even though it is now pointing toward the east or
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slightly east–southeast near the bow echo. Thus, conditions in the low-to-mid-level wind
and vertical wind shear also differed between the NCEP FNL and JMA GANAL during the
lifespan of the bow echo. In the former dataset, the stronger 700 hPa wind increases the
momentum supply and contributes toward a stronger RIJ associated with the system, and
its stronger vertical wind shear, coupled with a stronger pair of updraft and downdraft
(Figure 13), also promotes system intensity in terms of the bookend vortices and thus the
RIJ through the tilting effect, as reviewed in Section 1 [1,6–8,19–25].

 
Figure 16. Similar to Figure 14, but showing 925 hPa water vapor flux (g kg−1 m s−1, color, scale at
bottom), θe (K, purple contours every 5 K), and wind vectors (m s−1, reference length at bottom) in
FNL and JMA. Thick dashed lines indicate trough/wind-shift line.

Figure 17. Similar to Figure 14, but at 700 hPa in (a,b) NCEP FNL and (c,d) JMA GANAL at the
two times.
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Figure 18. Similar to Figure 17, but showing the vertical wind shear vectors (m s−1) over the layer of
1000–700 hPa in (a,b) NCEP FNL and (c,d) JMA GANAL at the two times.

In Figure 19, we present the composite pressure and wind fields at z = 3201 m while
at t = 0 h (Table 4), and hourly rainfall distributions ending at t = −6 h, of the FNL and
JMA members, instead of in the analyses. At the maturation stage, the FNL members
produce a deeper trough with significantly stronger westerly flow, providing stronger
westerly wind shear and consistent with earlier discussion (Figure 19a,c). Note that at
this level, the northwesterly flow at the backside of the bow echo (apex located at the
origin) is also much stronger and contributing to the RIJ in the FNL members. This is
consistent with the stronger trough, with much more abundant hourly rainfall in these
members before t = −6 h several hours earlier (Figure 19b,d). As also shown in Figure 11,
this difference in rainfall is persistent throughout the lifecycle of the bow echo, including
the region to its northeast, where the low pressure near 850 hPa exists. Thus, as part of the
circulation associated with the low pressure (see Figure 11), the northwesterly flow behind
the bow echo, i.e., its RIJ, is also strengthened through this mechanism. Overall, through
the interactions among warmer, moister, and stronger winds with larger vertical wind
shear at low levels, the pair of updraft/downdraft in the GM group (mostly using FNL as
IC/LBCs) becomes stronger, leading to stronger RIJ that extends farther back behind the
system, and thus, a more distinct bulge of the bow echo as well as its faster propagation
speed and longer duration.

Finally, it should be noted that even with more favorable conditions in the environment,
not all CReSS experiments using the NCEP FNL analyses were good members, and likewise,
not all runs using JMA data belong to BMs (Table 3). This implies some uncertainty
among the ensemble experiments exists. Perhaps, the ensemble-based sensitivity analysis,
e.g., [63,64], similar to [56], can be applied for a more quantitative assessment in the future.
Also, although in agreement with [30] to some extent, our results herein are based on a
single bow-echo case, and thus, have limitations and only apply to similar scenarios.
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Figure 19. (a) Composite pressure (Pa, isobars every 50 Pa) and horizontal wind vectors (m s−1,
reference length at bottom) and speed (m s−1, color) at t = 0 h (i.e., mid-point of P3, see Table 4), all at
z = 3201 m; and (b) composite pressure, wind vectors at t = −6 h and z = 1594 m, and hourly rainfall
(mm, color) prior to t = −6 h in FNL members. (c,d) are the same as in (a,b), but from JMA members.
For both wind speed and hourly rainfall, the color scales are plotted to the far right. The domain
shown is 1000 km × 900 km in size, and the apex is located at (0, 0) marked by a black dot. Thick
dashed lines (a,c) indicate the trough/wind-shift line.

5. Conclusions
This study investigates the development and evolution of a long-lived bow echo

in South China over 12–13 April 2016 using a series of 20 high-resolution ensemble ex-
periments with the CReSS model at a horizontal grid size of ∆x = 2 km. Synoptic and
thermodynamic analyses showed that this system developed near a surface front under
favorable conditions, with dynamic uplifting ahead of approaching troughs at 500 and
700 hPa and instability with a fair amount of CAPE (~850 J kg−1). After formation, the bow
echo propagated at a speed of over 20 m s−1 toward the east–southeast across South China
and stayed ahead of the 850 hPa front, which was also deepening with a low-pressure center
developing to the northeast of the bow echo. The ensemble was produced by using four
different gridded analysis datasets from the United States, Europe, and Japan as IC/LBCs,
combined with five different initial times 6 h apart.

Deemed to be the best in the ensemble, the CTRL successfully reproduced the de-
velopment and evolution of the bow echo in agreement with the above analysis. Various
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signature components of the bow echo in their structure and kinematic field were also well
captured in the CTRL, including tilted updraft/downdraft pairs, system-relative inflows
and outflows, RIJs, and bookend vortices. In the other 19 experiments, the morphology
and evolution of the bow echo were reproduced at various levels of success, and the six
best-performing members were chosen as “good members” (the GM group), and the six
worst ones were chosen as “bad members” (the BM group). By comparing the two groups,
it is determined that a stronger bow echo with a more distinct protruding bulge in this
event is associated with a stronger and more buoyant updraft, a thicker stratiform region
that also extends higher in elevation, more overall rainfall, a stronger RIJ that extends
farther back in distance (and thus the downdraft), more distinct bookend vortices, and a
stronger cold pool (and the gust front), thereby resulting in a faster propagation speed,
an increased severity, and a longer lifespan of the system. In the BM group, all the above
features are weaker and the MCS shorter in duration.

By comparing the NCEP FNL analysis that fostered four of the six GMs (including
CTRL) with the JMA GANAL, which produced four BMs, several environmental factors
that contributed to a more intense and longer-lived bow echo in the CReSS experiments
have also been identified, as listed below:

1. A stronger and moister low-level southwesterly flow to the south of the front to
produce a stronger moisture flux and convergence at the leading edge, with higher θe

values (by ≥5 K) and a stronger FTR inflow feeding into the bow echo, leading to the
significantly stronger and taller updraft, and overall more abundant hydrometeors
and rainfall;

2. A stronger northwesterly to westerly wind near 700 hPa and thus stronger 1000–700 hPa
vertical wind shear (almost twice as strong), causing a stronger RIJ behind the apex,
a bookend vortex pair that focuses and reinforces the RIJ, and, eventually, a faster
propagation speed;

3. A deeper low near 850 hPa along the front with a center to the northeast of the bow
echo, associated with more rainfall and latent heating, where its circulation can feed
into the backside of the bow echo with low θe air, further strengthening the RIJ and
cold pool;

4. A CI location farther to the east due to more favorable conditions with higher θe

given in point 1, which in turn contributes to the strength of the updraft and thus
the severity of the storm, as well as a faster speed to keep staying in the more
favorable environment.

Because in a severe storm such as a bow echo, the updraft/downdraft can reinforce
each other, while all the above points are inter-connected through interaction, as reviewed
in Section 1. As pointed out here, several favorable conditions in the environment co-
existed in the present case, including in the vertical wind shear, low-level convergence and
moisture supply, instability, and the strength of the RIJ once the system formed, leading to
the development of the current bow echo with a long lifespan of 15 h in South China.
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