
1.  Introduction
Mesoscale wavelike convection bands are often observed by radars or satellites around the globe, such as 
“morning glory cloud” in Australia (Clarke, 1972) and cloud bands in the snow bomb event of northeastern 
United States (Bosart et al., 1998). Since the wavelike convection bands are always coupled and interacted 
synergistically with mesoscale gravity waves (Cram et al., 1992; Miller & Sanders, 1980; Ruppert & Bosa-
rt, 2014; Uccellini & Koch, 1987; Zhang et al., 2001), we thus called them “wave-convection coupled bands.”

Two main mechanisms have been proposed to explain this unique phenomenon “wave-convection cou-
pled bands”: wave-CISK (wave-convection interaction) theory and wave ducting theory. The wave-convec-
tion interaction theory describes positive feedback processes between convection and gravity waves, where 
convection provides energy to gravity waves by latent heating whereas gravity waves in turn initiate and 
organize convection (Koch et al.,  1988; Lane & Zhang, 2011; Lindzen, 1974; Raymond, 1984, 1987). On 
the other hand, in the wave ducting theory, gravity waves can propagate horizontally in a wave duct that 
maintains gravity waves near the surface for a long duration and holds the energy of gravity wave in the low 
troposphere (Bosart et al., 1998; Lindzen & Tung, 1976; Powers & Reed, 1993; Zhang & Koch, 2000), which 
provides a favorable condition for wave-convection coupling in the low troposphere.

On January 30, 2018, a banded convective event occurred near the south coast of China lasting a long time 
(∼10 h) with periodic moderate rainfall, which was found to be associated with mesoscale gravity waves 
with a wave speed of ∼12 m s−1 and a primary wavelength of about ∼40–50 km (Du & Zhang, 2019, hereafter 
DZ19). Convection-allowing simulations can generally reproduce the wave-convection coupled bands, and 
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reveal that both wave ducting and wave-convection interaction exert a combined effect on the bands. The 
wave ducting in the present case is characterized by a thick low-level stable layer capped by a low-stability 
reflecting layer with a critical level and small Richardson number surrounding, which is consistent with the 
theory of Lindzen and Tung (1976). The convective bands propagate coordinately with peak updraft regions 
of gravity waves, indicating that strong interactions of convection and gravity waves. Although we have 
already presented the dominant maintenance mechanisms of this coherence phenomenon, its prediction 
using numerical models is less discussed. Compared to large-scale systems or mesoscale convective systems 
(Melhauser & Zhang, 2012), very little is known about the predictability of the wave-convection coupled 
bands. Understanding the sources of forecasting uncertainties and error growth dynamics in the numerical 
weather prediction of the wave-convection coupled bands is important in predicting this phenomenon.

Atmospheric predictability refers to the sensitivity to initial conditions and model errors in numerical 
weather prediction models, which is studied starting with Thompson (1957) and Lorenz (1963, 1969). An-
thes et al. (1985) began to investigate the mesoscale predictability. The errors of mesoscale weather systems 
associated with convection and moist processes grow rapidly due to nonlinear effects (Crook, 1996; Gil-
more & Wicker, 1998; Hohenegger & Schar, 2007; Park, 1999). The error growth is particularly sensitive to 
the initial fields of moisture and temperature (Park & Droegemeier, 2000). Therefore, the predictability of 
mesoscale weather systems can be intrinsically limited by the moisture processes (Bei & Zhang, 2007; Tan 
et al., 2004; Zhang et al., 2003, 2007, 2016).

Atmospheric predictability can be categorized into two types (Lorenz, 1996; Melhauser & Zhang, 2012; Sun 
& Zhang, 2016; Ying & Zhang, 2017; Zhang et al., 2019): (a) practical predictability that refers to the ability 

Figure 1.  Observed radar reflectivity (dBZ) at 2,500 m at (a) 12:00 UTC and (b) 16:00 UTC January 30, 2018. Simulated 
radar reflectivity at 2,500 m (c) 17:00 UTC and (d) 21:00 UTC January 30, 2018. A black dot in (a) indicates Qingyuan 
station.
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to predict based on the currently available conditions, and is limited by uncertainties in the prediction mod-
el and initial conditions, and (b) intrinsic predictability that refers to the ability to predict given a nearly per-
fect forecast model with nearly perfect initial conditions. The practical predictability limit can be extended 
as errors in the model or the initial conditions decrease, whereas the intrinsic predictability limit will not 
change even if the initial errors are further reduced. The uncertainties in terms of practical predictability 
remain sizeable and are limited by the current capability of observations, modeling, and data assimilation. 
The intrinsic predictably is often examined based on a perfect model assumption made in conjunction with 
initial condition uncertainties an order of magnitude smaller than the current observational analysis in 
the previous studies (e.g., Judt, 2018; Mapes et al., 2008; Melhauser & Zhang, 2012; Tribbia & Baumhef-
ner, 2004; Zhang et al., 2003, 2007). To the best of our knowledge, the practical and intrinsic predictability 
of wave-convection coupled bands are rather underexplored.

Figure 2.  A mosaic of 20 ensemble members depicting simulated radar composite reflectivity at 19:00 UTC January 30, 2018 compared with the control run. 
The red and blue frames indicate good and bad members, respectively.
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Therefore, the objective of the present study is to examine the practical and intrinsic predictability of the 
wave-convection coupled bands in South China at 12:00 UTC January 30, 2018 using a series of convec-
tion-permitting ensembles and sensitivity experiments. The rest of the paper is organized as follows. In 
Section 2, an overview is given for the case of the wave-convection coupled bands, and the results of DZ19 
are reviewed. The model configuration and experimental design are described in Section 3. The practical 
and intrinsic predictability are discussed in Sections 4 and 5, respectively. Finally, concluding remarks can 
be found in Section 6.

2.  Case Overview
At 12:00 UTC January 30, 2018, a southwest-northeast oriented surface cold front approached the south 
coast of China (Figure 4 of DZ19). At that time, Guangdong Province was located on the cold side of the 
surface cold front with prevailing northeasterly winds near the surface. Since the cold front system was 
northward tilted with height, a southwest-northeast oriented shear line at 850 hPa occurred at the north 
edge of Guangdong Province, where the southerly winds prevailed at 850 hPa. The vertical wind shear was 
thus pronounced at low levels.

Multiple northwest-southeast oriented convective bands, with the long-dimensional horizontal extent of 100–
300 km, occurred over Guangdong (Figures 1a and 1b), and lasted for nearly 10 hr from 08:00 to 18:00 UTC 
January 30, 2018 (Figure 1 of DZ19). Such convective bands exhibited apparent wave features with their hori-
zontal spacing distance of ∼50 km and propagated northeastward at a speed of around 12 m s−1.

Figure 3.  Skew T-log p diagrams at Qingyuan at 19:00 UTC January 30, 2018 from 20-ensemble members (red: good 
members; blue: poor members; black: fair members). The location of Qingyuan is indicated in Figure 1a. Solid and 
dashed lines represent temperature and dew point temperature, respectively.
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DZ19 found evidence of a wave duct at low levels that contained a strong stable layer below 850 hPa and 
was capped by a moist neutral stability layer within 850-600 hPa. A critical level with Richardson number 
of <0.25 was embedded in the moist neutral stability layer. Such environmental settings kept gravity waves 
propagating horizontally in the wave duct for a long period of time without losing much energy. According 
to the theory of wave ducting proposed by Lindzen and Tung (1976), the wave speed is determined by the 
strength and depth of the low-level stable layer as


  

 
 

 

12.2 m/s
1
2

mN DC U
n� (1)

Figure 4.  Simulated radar composite reflectivity at 19:00 UTC January 30, 2018 in the (a) GOOD run and (b) POOR run. The red box is used in Figure 10. The 
black box is used for the calculation of power spectrum in Figure 6. The red line is used for the vertical cross section in Figures 5, 7, and 18.

Figure 5.  Wave-parallel vertical cross section of cloud water mixing ratio (shading, kg kg−1) and vertical motion (contour, m s−1) compositing (averaging) along 
the red line of Figure 4 at 19:00 UTC January 30, 2018 in the (a) GOOD run and (b) POOR run. The left (right) side of x axis is southwest (northeast) side.
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where D = 1.5 km is the depth of the low-level stable layer, mE N   = 0.016 s−1 is moist static stability, and 
E U  = −3 m s−1 is the mean background wind in the wave-parallel direction in the stable layer. The propa-

gation speed of convective bands is in agreement with the calculated ground-relative wave speed for the 
primary mode (n = 0) based on the wave ducting theory (Lindzen & Tung, 1976). Besides wave ducting, 
the latent heating from moist convection in the wave-convection interactions plays a role in the formation 
and maintenance of gravity waves by providing energy. Sensitivity experiments in DZ19 further verify the 
coexistence of wave ducting and wave-convection interaction in this case.

3.  Model Configuration and Experimental Design
3.1.  Model Configuration and Evaluation

In the present study, the Weather Research and Forecasting (WRF Version 3.8.1; Skamarock et al., 2008) 
model is employed to conduct a control simulation and ensembles. The model configuration is the same as 
that described in DZ19. One-way nested domains (d01, d02, and d03) with 9-km, 3-km, and 1-km horizontal 
grid spacing and 51 vertical levels are used. The absorbing layer of gravity waves is introduced at the top 
of 50 hPa with a layer of 5 km. The Kain-Fritsch convection parameterization (Kain, 2004) is used in d01 
but turned off in d02 and d03. All domains use the Thompson et al. (2008) microphysics scheme, the YSU 
boundary-layer scheme (Hong et al., 2006), the Rapid Radiative Transfer Model for Global Climate Mod-
els (RRTMG) longwave-radiation and shortwave-radiation schemes (Iacono et al., 2008), the revised MM5 
Monin-Obukhov surface-layer scheme (Jiménez et  al.,  2012), and the unified Noah land surface model 
(Livneh et al., 2011). The control simulation is initialized at 12:00 UTC January 30, 2018 by the first member 
of the Global Ensemble Forecast System (GEFS) (Toth & Kalnay, 1993). The GEFS conducted by NCEP is a 
weather forecast model including 21 ensemble members.

The wave-convection coupled bands in the control run (Figures 1c and 1d) are generally similar to those in 
the simulation of DZ19 that was initiated by NCEP FNL (final) operational global analysis data. As shown 
in Figures 1c and 1d, the control run can simulate the northwest-to-southeast oriented wavelike convec-
tive bands over Guangdong as observations. Compared to observations, the simulated wavelike convective 
bands show a similar propagation speed of 11.5 m/s, a similar lasting long period of nearly 10 hr, and similar 
amplitudes of wavelike bands (∼35 dBZ). The simulated wavelength of bands ranges within tens of kilome-

Figure 6.  Power spectrum of the 4-km cloud mixing ratio in the black box of Figure 4 divided by a smoothed background spectrum from (a) the GOOD run 
and (b) the POOR run. The black solid line depicts phase speed ω/k. The black dash lines indicate the horizontal wavelengths and wave periods for the peaks.
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ters as the observations but with a smaller primary horizontal wavelength of ∼20–40 km. The occurrence of 
the simulated wave pattern is delayed by a few hours (∼5 hr) and its exact location tends to be more to the 
south (ocean side). Generally, the simulation can capture the wavelike pattern of convective bands.

3.2.  Experimental Design

To study the practical and intrinsic predictability of the wave-convection coupled bands, we conducted a 
series of 20-member ensembles initialized with the 2nd–21st members of GEFS. A mosaic of 20 ensemble 
members depicting simulated radar composite reflectivity at 19:00 UTC is shown in Figure 2. The ensemble 
set has similar wavelike features as well as provides a wide variety of forecasts in terms of many important 
aspects of the wave characteristics, highlighting the limit of practical predictability because of the relatively 
large ensemble spread. Some members produce evident wavelike bands over Guangdong (e.g., mem06), 
whereas in some members convective bands are relatively weak over the land and/or do not exhibit pro-
nounced wavelike features (e.g., mem01). Considering a significant wave pattern with a primary horizontal 
wavelength of ∼50 km in the observations (DZ19), we applied two-dimensional (frequency-wave number) 
spectrum used in Wheeler and Kiladis (1999) and DZ19 for each ensemble member (Figure S3 in Support-
ing Information S1). No peak was found near the primary horizontal wavelength of ∼30–50 km and the 

Figure 7.  Wave-parallel vertical cross section of square of moist Brunt-Väisälä frequency (s−2, contour) in the (a) GOOD, (b) POOR, (c) IC06Z, and (d) IC00Z 
runs. The gray shading indicates Richardson number Ri < 0.25 and the red line shows the critical level, assuming a wave speed of 12 m s−1.
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primary period of 40–70 min in the frequency-wave number spectrum in five ensemble members (mem01, 
02, 05, 09, and 19), which are thus selected as poor members. Among the remaining 15 members, we further 
selected the same number of five members as good member representatives (mem06, 07, 12, 13, and 20) 
based on the errors of primary and secondary wavelength as well as wavelike patterns of convective bands 
in Figure 2. Therefore, three groups were selected into good (five members), fair (10 members), and poor 
(five members) classification. We mainly focus on the five good and five poor representations to identify two 
distinct modes of wave-convection coupled bands in the present study.

We further performed WRF simulations which are initialized by averaging all prognostic variables (e.g., u, v, 
T, p, etc.) in the initial conditions of the five good members or five poor members, which are called GOOD 
run and POOR run, respectively. Through comparison of the GOOD and POOR runs, the key factors affect-
ing forecasts and their main error sources are analyzed. Simulations with different initial time (06:00 UTC 
January 30 and 00:00 UTC January 30) and physical schemes (MYJ, MYNN PBL schemes; Kessler and Lin 
microphysics schemes) are also conducted to investigate the practical predictability of bands.

Figure 8.  The evolution of the difference of precipitable water (kg m−2) between the GOOD and POOR runs during 12:00–19:00 UTC January 30, 2018.
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To examine the sensitivity to small uncertainties in the initial conditions and explore the intrinsic pre-
dictability limit for this event, nine additional experiments from R1 to R9 are conducted (Melhauser & 
Zhang, 2012), which are initialized with linearly averaging all prognostic variables in the initial conditions 
of the GOOD and POOR runs with a specified weight as


 

10RX GOOD POOR
10 10
X X

� (2)

where X is the experiments number 1–9. Therefore, R9 (R1) run is the closest to the GOOD (POOR) run.

Figure 9.  The vertical profile of (a, b) specific humidity (kg kg−1) and (c, d) temperature (solid lines, °C), dew 
temperature (dashed lines, °C) in the GOOD and POOR runs at Qingyuan at (a, c) 12:00 UTC and (b, d) 19:00 UTC 
January 30, 2018.
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4.  Practical Predictability
4.1.  Sensitivity to Initial Condition Uncertainties From Ensembles

Figure 2 presents the ensemble simulations of the wave-convection coupled bands characterized by large 
ensemble spread including good (mem06, 07, 12, 13, and 20), fair (mem03, 04, 08, 10, 11, 14, 15, 16, 17, and 
18), and poor (mem01, 02, 05, 09, and 19) ensemble members. Good members manifest as evident wavelike 
northwest-southeast oriented convective bands both over the land and ocean, but poor members show weak 
convective bands over the land. However, the vertical structures of temperature and moisture are quite 
similar among those ensemble members (Figure 3). As shown in Figure 3, all ensembles can generally cap-
ture such “stable-neutral-stable” sandwich-like stratification, which fundamentally satisfies the theory of 
Lindzen and Tung (1976). The atmosphere below 600 hPa is nearly saturated, while the layer above 600 hPa 
is relatively dry. The low-level stable layer below 850 hPa is capped by a nearly neutral moist stability layer 
within 850–600 hPa as well as the stable layer within 600–500 hPa.

In order to elucidate the differences between good and bad members, we focus on the comparison of the 
GOOD and POOR runs (Figure 4) which are WRF simulations initialized with composite of GEFS from 
good and poor members, respectively. As shown in Figure  4, the GOOD run exhibits obvious wavelike 
features, while the POOR run produces weaker convection over the land though wavelike features are still 
significant over the ocean. The GOOD (POOR) run can well represent the performance of the good (poor) 
members. To further illustrate their vertical structures, Figure 5 presents the vertical cross section of cloud 
water mixing ratio and vertical motion along a red line of Figure 4 from the GOOD and POOR runs. In the 
cross section of the GOOD run (Figure 5a), three moderately deep convective bands have a spacing distance 
of around 40 km and extend to the 600-hPa level. The strong upward motion well matches the convective 
region, whereas small upward motion or downward motion corresponds to the region between convective 

Figure 10.  Simulated Radar composite reflectivity in the red box of Figure 4 at 19:00 UTC January 30, 2018 in the (a) control, (b) GOOD, (c) POOR, (d) ICRH, 
(e) ICT, and (f) ICRHT runs.
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bands (Figure 5a). The strong upward motion (maximum convective latent heating) near 670 hPa follows 
behind the axis of strongest upward motion below 800 hPa (also read Ralph et al., 1993 and Lin, 1987). How-
ever, in the POOR run (Figure 5b), convection is relatively weak with a smaller spacing of around 20 km, 
and the wave feature is not as significant as that in the GOOD run. The upward motion also corresponds to 
the convective region in the POOR run (Figure 5b).

Following DZ19, two-dimensional (frequency-wave number) power spectrums of the 4-km cloud mixing 
ratio are performed in the GOOD and POOR runs as shown in Figure 6. The power spectrum is calculated 
by two overlapping 8-hr time periods (0–8 h, 4–12 hr) with 10-min time resolution and is divided by the 
smoothed background spectrum to demonstrate the spectrum peaks more clearly (Lane & Zhang, 2011; 
Wheeler & Kiladis, 1999). In the GOOD run (Figure 6a), two peaks exist in the frequency-wave number 
space: the primary peak at the horizontal wavelength of ∼37 km and the period of ∼45 min, and the sec-

Figure 11.  The difference of precipitable water (kg m−2) between the GOOD run and (a and b) ICRH, (c and d) ICT, (e 
and f) ICRHT runs at (a, c, and e) 12:00 UTC and (b, d, and f) 19:00 UTC January 30, 2018.
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ondary peak at the horizontal wavelength of ∼22 km and the period of 29 min. Since the wave and convec-
tion are found to be coupled (DZ19), the primary and secondary peaks represent the deeper and shallower 
convection with larger and smaller wavelength (period), respectively. The slope of the line following the 
peaks ( / kE  ) shows the phase speed of ∼12 m s-1, which indicates the northeastward propagation speed of 
the banded convection. The wave features shown above are similar to the results in the control run of DZ19. 
In contrast, peaks in the frequency-wave number space of the POOR run (Figure 6b) exhibit smaller wave-
lengths (18 and 21 km) and shorter periods (20 and 30 min) compared to the GOOD run. The propagation 
speed of the wave-convection coupled bands in the POOR run is similar to that in the GOOD run.

To clarify the difference in wave features between the GOOD and POOR runs, we examine the structures 
of the wave ducting as presented in DZ19 for the GOOD and POOR runs. Figure 7 shows the vertical cross 
section of the square of moist Brunt-Väisälä frequency ( 2

mE N  ) in the two runs. With regard to the calculation 
of 2

mE N  , please refer to DZ19. The two runs exhibit similar three-layer stratifications: the low-level stable layer 
below 850 hPa (0.0001 s−2 <  2

mE N   < 0.0004 s−2) is capped by the middle-level (850-650 hPa) less-stable layer  
( 2

mE N   ∼ 0 s−2) while the less-stable layer is overlaid by an aloft stable layer ( 2
mE N   > 0.0002 s−2). In the two runs, 

the critical level, where the wave phase velocity (∼12 m s-1) matches the background wind in the direction 
of wave direction (E U ), is embedded within the middle-level less-stable layer. The local gradient Richard-

son number (
 

  
 

2
2Ri /m

UE N
z

 ) < 0.25 surrounds the critical level. Therefore, the stratification of both the 

GOOD and POOR runs matches well the typical wave ducting proposed by Lindzen and Tung (1976).

Since the wave ducting is excluded as the possible cause of the differences in wave features between the 
GOOD and POOR runs, we further examine their moisture features and processes for the two runs. Figure 8 
presents the evolution of the difference of precipitable water between the GOOD and POOR runs during 
12:00–19:00 UTC. The precipitable water over Guangdong in the GOOD run is significantly higher than 
that in the POOR starting from the initial time and retaining its preponderance throughout the whole case 
period. From the perspective of thermodynamics, the weaker precipitable water in the POOR run is not fa-
vorable to the convection, and thus results in relatively weak wave-convection coupled bands in the POOR 
run compared to the GOOD run. Since the wave and convection are coupled, wave periods are related to the 
life cycles of convection (DZ19). The horizontal wavelength (    x c UE T  ) is thus smaller in the POOR 
run due to a shorter life cycle (E T  ) and a similar relative-ground wave speed ( c UE  ).

Figure 12.  Simulated radar composite reflectivity at 19:00 UTC January 30, 2018 in the (a) IC06Z run and (b) IC00Z run.
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Next, we attempt to figure out why smaller precipitable water occurs in the POOR run. Figure 9 shows the 
comparison of temperature, dew temperature, and specific humidity in the vertical profile between the 
GOOD and POOR runs. At the initial time (12:00 UTC), the specific humidity above 1,000 m in the GOOD 
run with a maximum of 7.5 g/kg at around 2,000 m (Figure 9a) is higher than that in the POOR run with 
a maximum of 7.2  g/kg (Figure  9b). Such a larger specific humidity in the GOOD run is because both 
runs show saturation above 1,000 m (temperature equals to dew temperature) but with higher temperature 
(∼0.3–0.7°C) in the GOOD run that can hold more moisture at the middle levels (Figures 9c and 9d). The 
differences in thermal variables between the two runs remain until 19:00 UTC. Therefore, thermal variables 
including humidity and temperature are important in the initial condition for the practical predictability of 
wave-convection coupled bands. In addition to comparison between the deterministic GOOD and POOR 
runs, we analyzed the respective compositions from the good and poor ensemble members, and found sim-
ilar results as above (Figures S1 and S2 in Supporting Information S1).

By comparing GOOD and POOR runs, the thermodynamical processes (humidity and temperature) are 
found to be important for the predictability of wave-convection coupled bands. To further examine the 
sensitivity of humidity and temperature in the initial conditions and verify the key role of thermal variables 
in simulating the wave-convection coupled bands, we partly replace the initial condition of the POOR run 
with that of the GOOD run (Figure 10). When the relative humidity in the initial condition of the GOOD 
run is used in the POOR run (ICRH run), the simulated capability of wave features is only slightly improved 
(Figure 10d). Compared to the ICRH run, wave features exhibit more clearly in the ICT run where the 
temperature is replaced in the initial condition (Figure 10e). If both relative humidity and temperature are 
updated in the initial condition in the ICRHT run (Figure 10f), the wavelike banded convection is captured 
and pretty similar to the GOOD or control run although the other atmospheric fields (e.g., dynamic varia-
bles) in the initial condition are still from the POOR run. The slight difference of precipitable water in the 

Figure 13.  The vertical profile of (a) specific humidity (kg kg−1) and (b) temperature (solid lines, °C), dew temperature (dashed lines, °C) in the control, IC06Z, 
and IC00Z runs at 19:00 UTC January 30, 2018 at the location indicated by crosses of Figure 12.
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initial condition between the GOOD run and the ICRH run (Figure 11a) greatly increases until 19:00 UTC 
(Figure 11b). In contrast, the differences of precipitable water in the initial condition between the GOOD 
run and the ICT run (Figure 11c) or the ICRHT run (Figure 11e) are smaller, which remain relatively small 
throughout the evolution period (Figures 11d and 11f). These sensitivity experiments above verify the im-
portance of thermal variables in the initial condition, especially for the temperature.

4.2.  Sensitivity to Initialization Times

In reality, reanalysis at a different time around the period of interest is optional to be used as an initial con-
dition in the numerical simulations. The control simulation is initialized at 12:00 UTC January 30, 2018, 
whereas the IC06Z and IC00Z runs are initialized at 06:00 UTC and 00:00 UTC January 30, 2018, respec-
tively (Figure 12). The wavelike banded convection pattern in the IC06Z run is similar to that in the control 
simulation except for the northeastern portion (Figure 12a) where the specific humidity and temperature 
within the layer of 1,000–3,500 m are smaller than those in the control run (Figure 13). However, in the 
IC00Z run (Figure 12b), the convection does not show a clear wavelike pattern as in the control simulation. 
The wave ducting in the IC06Z run is similar to that in the control simulation (Figure 7c), but the wave duct-
ing in the IC00Z is not as clear as that in the control run (Figure 7d). In the IC00Z run, the low-level layer is 
less stable than that in the control simulation (Figure 7d). Meanwhile, the critical level in the IC00Z run is 
not completely embedded within the less-stable layer of 850–600 hPa, and the Richardson number greater 

Figure 14.  Simulated radar composite reflectivity at 19:00 UTC January 30, 2018 in the (a) MYJ, (b) MYNN, (c) Kessler, 
and (d) Lin runs.
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than 0.25 partly occurs around the critical level (Figure 7d). Also, the humidity and temperature above 
1,000 m on land in the IC00Z run are significantly smaller than those in the control run (Figure 13). There-
fore, initial conditions at different times can influence the wave ducting structure and specific humidity at 
middle levels and thus result in the differences in the wavelike patterns of banded convection among those 
simulations. The failure of the IC00Z run to capture this wavelike banded pattern also implies a limited 
practical forecast lead time for this event.

4.3.  Sensitivity to Physical Schemes

Besides initial conditions, the options of physical schemes may affect the practical predictability. We exam-
ine the sensitivity of wavelike banded convection to physical schemes including planetary boundary layer 
(PBL) and microphysics parameterizations.

As for PBL schemes, Mellor-Yamada-Janjic (MYJ, Janjić,  1990) and Mellor-Yamada-Nakanishi-Niino 
(MYNN, Nakanishi & Niino, 2004) schemes are used to compare with the YSU scheme in the GOOD run. 
The two PBL schemes (MYJ and MYNN) are local-influenced and generally yield thinner PBL than nonlo-
cal schemes (e.g., YSU scheme) (Xie et al., 2012). As shown in Figures 14a and 14b, the wavelike patterns 

Figure 15.  The difference of precipitable water (kg m−2) between the GOOD run and (a) MYJ, (b) MYNN, (c) Kessler, and (d) Lin runs at 19:00 UTC January 
30, 2018.
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of banded convection in the MYNN sensitivity experiment are generally similar to those in the GOOD run 
(Figure 10b) in their orientation (northwest-southeast), phase speed (∼12 m s−1) and primary wavelength 
(∼30–40 km), while the wavelike pattern over the ocean in the MYJ run is not as clear as that in the GOOD 
run. Furthermore, two additional microphysics schemes (Kessler scheme and Lin et al. scheme) are used in 
microphysics sensitivity experiments. Figures 14c and 14d show similar wavelike patterns of banded con-
vection as the GOOD run (Figure 10b) in their orientation, phase speed, and primary wavelength.

Generally, the wavelike patterns of banded convection are not sensitive to the physical parameterizations 
(e.g., PBL and microphysics) for the wavelike convection pattern in the current case, compared to the 
sensitivity to initial conditions. Figure  15 shows the differences of precipitable water (kg  m−2) between 
the GOOD run and those sensitivity runs on physical parameterizations. Such differences over the land 
(∼±0.5 kg m−2) are significantly smaller than the differences between the runs with different initial con-
ditions (∼±1.5 kg m−2 in Figure 8h). Furthermore, as shown in Figure 16, the vertical profiles of specific 
humidity and temperature are not sensitive among the sensitivity runs on physical parameterizations. The 
results further support the key role of thermal variables in simulating the wave-convection coupled bands.

5.  Intrinsic Predictability
While the practical predictability for a numerical model can be largely influenced by model errors and bias, 
it is a common approach to adopt a perfect model assumption when studying the intrinsic predictability. To 
examine the intrinsic predictability limit of the wavelike banded convection, we conducted nine additional 
sensitivity experiments, from R1 to R9, which are initialized with linear weighted averaging all prognostic 
variables in the initial conditions of the GOOD and POOR runs.

Figure 17 presents the simulated reflectively for the nine simulations as well as the GOOD and POOR 
runs at 19:00 UTC. A trend exists from the R1 to R9 runs toward wavelike banded convection in the 
GOOD run. The wavelike banded convection in the R9 run is most similar to that in the GOOD run. 

Figure 16.  The vertical profile of (a) specific humidity (kg kg−1) and (b) temperature (solid lines, °C) in the GOOD, POOR, Kessler, Lin, MYJ, MYNN runs at 
19:00 UTC January 30, 2018 at Qingyuan.
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Wave-parallel vertical cross sections along the red line of Figure 4 of cloud water mixing ratio and verti-
cal motion in those experiments further illustrate this gradual evolution toward the GOOD results from 
the R1 to R9 runs (Figure 18). All experiments show that the upward motion traveled with convective 
cells synergistically, which suggests the coupling of convection and gravity waves in those runs. In the 
R1–R5 runs, the horizontal extent and spacing of convective cells are smaller than those in the R6–R9 
runs. The phase of wavelike banded convection has high uncertainties. The location of individual con-
vective cells varies among the R1–R9 runs. Although very slight differences (only 10% errors) of initial 
conditions exist between the R9 and GOOD runs, the locations of individual convective cells are differ-
ent between the two runs (cf. Figures 18j and 18k). Even if the errors in the initial conditions are only 
1%, the location of individual convective cells are still distinct from the GOOD run (Figure S4 in Sup-
porting Information S1). Therefore, the pattern of wave-convection coupled bands is predictable but the 
phase of wavelike bands is unpredictable intrinsically after a short integration time. The microphysics 
sensitivity experiments also imply a similar conclusion on unpredicting of the phase of wavelike bands 
(Figures 14c and 14d).

The error growth and predictability of the banded convection can be further examined quantitatively by the 
difference total energy (DTE) defined in Zhang et al. (2003, 2007) as

        1DTE
2

u u v v kT T�

where E u  , E v  , and E T  are the difference in wind components and temperature between two simulations, 
k = CpTr

−1 (Cp = 1004.9 J kg−1 K−1 and Tr = 270 K, the reference temperature). E  represents the sum of 
vertical and horizontal grid points in the black box of Figure 4.

Figure 17.  Simulated radar composite reflectivity at 19:00 UTC January 30, 2018 in the POOR, R1, R2, R3, R4, R5, R6, R7, R8, R9, and GOOD runs.
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To identify the error growth at different scales, a two-dimensional spatial filter (Appendix in Wei 
et al., 2016) is applied mainly following the procedure in Zhang et al. (2007) to extract the small-scale 
component with horizontal wavelengths <200 km and the large-scale component with horizontal wave-
lengths greater than 200 km. The DTE at scales smaller than 200 km represents the errors from mesoscale 
gravity waves and convective instability of interest in the current case, while the DTE at scales greater 
than 200 km indicates the errors from large-scale background environment. Sensitivity calculations us-
ing critical numbers slightly different with 200 km are also conducted and gave very similar results (not 
shown here).

Figure 19a presents the temporal evolution of the DTE at the scales smaller than 200 km between GOOD 
and R1–R9 or POOR runs from 12:00 UTC to 21:00 UTC January 30, 2018. Small-scale small-amplitude 
initial errors can grow rapidly and reach saturation (DTE = ∼106 m2 s−2) a few hours later. The smaller 
the initial difference is, the faster it grows, which indicates that the error growth on small scale is non-
linear. For instance, although the initial DTE between GOOD-R9 is only one hundredth of that between 
GOOD-POOR, the DTE between GOOD-R9 catches up quickly the DTE between GOOD-POOR 7 hr later 
(Figure  19a). The DTEs during 19:00–21:00  UTC are comparable to the maximum values (∼106  m2  s−2) 
found in either GOOD-R9 or GOOD-POOR, indicating local error saturation at the convective scales and 
gravity wave scales. Such DTE behavior suggests intrinsic predictability limit at small scale (mesoscale grav-
ity waves), which is consistent with the earlier results that the phase of wavelike bands is unpredictable 
intrinsically after a short integration time (∼7 hr).

In contrast, the evolution of the DTE at the scales greater than 200 km shows totally different charac-
teristics (Figure 19b). The DTE gradually increases for all indicated pairs of simulations after the model 
initiation, and they show similar rate of growth. Therefore, if the initial error at large scale is smaller, 
the error will remain smaller after a few hours. Furthermore, the errors from the large-scale background 

Figure 18.  Wave-parallel vertical cross section of cloud water mixing ratio (shading, kg kg−1) and vertical motion (contour, m s−1) compositing (averaging) 
along the red line of Figure 4 at 19:00 UTC, January 30, 2018 in the (a) POOR, (b) R1, (c) R2, (d) R3, (e) R4, (f) R5, (g) R6, (h) R7, (i) R8, (j) R9, and (k) GOOD 
runs.
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environment, including many important wave-related features such as the wave ducting structure and 
the humidity field, could potentially modulate and organize the variations for the pattern of the banded 
convection among R1–R9 runs. A trend exists from the R1 to R9 runs toward wavelike banded convection 
in the GOOD run due to the gradual decrease of initial large-scale errors as well as large-scale errors a few 
hours later.

The gradual change of wavelike convection among the R1–R9 runs is attributed to the change of precip-
itable water differences (Figure 20). The precipitable water difference is significant over the land. The 
difference of precipitable water at 19:00 UTC between the GOOD run and R1 run is the largest among 
R1–R9 runs, similar to that between the GOOD and POOR runs. In contrast, the difference of precipita-
ble water between the GOOD run and R9 run is pretty small, suggesting the R9 run is the closest to the 
GOOD run.

Figure 19.  (a) Temporal evolution of difference total energy (DTE; m2 s−2) at the scale smaller than 200 km between 
indicated simulations from 12:00 UTC to 21:00 UTC January 30, 2018. (b) Same as (a) except for the scale greater than 
200 km.
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6.  Conclusions
In the present study, various ensemble and sensitivity numerical simulations from the Advanced Research 
Weather Research and Forecasting (WRF) model with a horizontal resolution of 1 km are conducted to in-
vestigate the practical and intrinsic predictability of wave-convection coupled bands near the south coast of 
China on January 30, 2018. DZ19 documented that a distinct wave duct existed in this event and kept the en-
ergy of gravity waves in the low levels, characterized by a thick low-level stable layer below 850 hPa capped 
by a less-stable reflecting layer with a critical level. Convective bands and gravity waves are collocated and 
interacted with each other, in which the convective bands propagate in phase with the peak updraft of 
gravity waves. Based on what DZ19 found, we further investigate the sensitivity of wave-convection coupled 
bands to initial conditions and physical schemes to the wave-convection coupled bands, as well as examine 
their intrinsic limit of predictability in the present study.

The 20-member ensembles initialized with GEFS can generally capture the wave-convection coupled bands 
near the south coast of China with similar stratification at low levels. However, wavelike patterns of convec-
tive bands over the land are more significant in some ensembles than others. Five good members and five 
poor members are selected into two groups, and initial conditions of each group are composited to conduct 
GOOD and POOR simulations. The GOOD and POOR simulations can well represent the wave behaviors 
in the good and poor members, respectively. Wavelike banded convection over the land in the POOR run 
is not as clear as that in the GOOD run. The two runs show similar propagation speed, but the horizontal 
wavelength is larger in the GOOD run compared to the POOR run.

To clarify the differences in wave features between the GOOD and POOR runs, we further examine environ-
mental stratification in the GOOD and POOR runs. Both the two simulations show notable wave ducting as 

Figure 20.  The difference of precipitable water (kg m−2) between the GOOD run and POOR, R1, R2, R3, R4, R5, R6, R7, R8, R8, R9 runs at 19:00 UTC January 
30, 2018.
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found in DZ19. Significant differences of precipitable water over Guangdong are found between the GOOD 
and POOR runs from the initial time to the time when the wave-convection coupled bands occur. It is found 
that the differences in low-to-mid-level temperature and humidity (1,000–3,500 m) mainly contribute to the 
difference in precipitable water in the two runs. Additional sensitivity experiments on the replacement of 
humidity and temperature in the initial condition further verify the significance of thermal variables for the 
prediction of wave-convection coupled bands.

As for the practical predictability, initial conditions at different times can affect the structure of wave duct-
ing as well as low-to-mid-level humidity and temperature, which induce varying wave-convection coupled 
bands among the simulations. Compared to initial conditions, physical schemes like PBL and microphysics 
parameterizations have a minor impact on the wave-convection coupled bands in the current case.

Additional sensitivity experiments R1–R9, which are initialized with linear weighted averaging all prog-
nostic variables in the initial conditions of the GOOD and POOR runs, are conducted to examine the 
intrinsic predictability of the wave-convection coupled bands. R1 and R9 runs are closest to the POOR 
and GOOD runs, respectively. Overall, the wave pattern can be reproduced in those sensitivity experi-
ments. The wavelike banded convection gets more pronounced from the R1 to R9 runs. However, the 
location of individual convective cells is highly uncertain although the difference in the initial condition 
is very slight since the error growth on small scale is nonlinear. The smaller the initial difference at small 
scale is, the faster it grows. Therefore, the phase of wave-convection coupled bands is unpredictable 
intrinsically.

The results on the predictability of wave-convection coupled bands in the present study only apply to this 
event. In the future, more similar cases will be studied to clarify the practical and intrinsic predictability of 
wave-convection coupled bands, which may vary under different atmospheric conditions.
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