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A B S T R A C T
In this study, we investigate the role of convective parameterization (CP) in simulations of a convection band over
the mid-Korean Peninsula at grey-zone resolutions, at which convection is partially resolved, partially subgrid. An
approach similar to that used in ‘observing system simulation experiment’ is adopted. Simulations with a 500-m grid
size serve as benchmark simulations. The impacts of resolution and convective parameterization at grey-zone resolutions
(i.e. 3, 6 and 9 km) are then investigated. Results indicate that a grid size of 3 km is sufficient to resolve the convection
band and CP for this size grid is not necessary. With 6 and 9 km grids, explicit simulations or those based on a
Kain–Fritsch CP scheme do not simulate the atmospheric structure surrounding the band accurately.
A major problem with CP is excessive triggering of parameterized convection. False triggers of CP in the band
adjacent area suppress evolution of the resolved convection band through excessive stabilization of inflow air. We
obtain significant improvements by using a modified trigger function, resulting in reduction of the area of parameterized
convection, which in turn leads to stronger development of a resolved convection band. Furthermore, our approach
reduces bias in the domain-averaged vertical thermodynamic structure.

1. Introduction

Current numerical weather predictions (NWPs) use high-
resolution models with horizontal grid sizes of 1–10 km (Saito
et al., 2007; Lean et al., 2008; Roberts and Lean, 2008). For
such fine-resolution models, however, further refinements of
both numerical techniques and physical parameterizations are
required (Steppeler et al., 2003). One of the major problems
from a physics perspective is the treatment of deep moist con-
vection. Use of convective parameterization (CP) at fine-scale
resolutions may violate underlying assumptions and the closure
hypotheses upon which CP is based (Arakawa and Chen, 1987;
Molinari and Dudek, 1992; Hammarstrand, 1998). For example,
classical mass flux schemes assume that there is no net mass
transport in the convective grid column. This assumption is not
valid for NWP models with a horizontal grid size of a few kilo-
metres. Moreover, most CP postulates a grid size large enough
to cover an area that includes a statistical ensemble of convective
clouds in different stages of their life cycle, because CP cannot
predict the life cycle of cumulus clouds (Hammarstrand, 1998).
In a high-resolution grid, an active convection cloud may move
out of the grid box before it completes its life cycle.
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It has been debated whether CP is necessary for numerical pre-
dictions of convective weather at high resolutions, where deep
convection is partly resolved and partly subgrid. Gerard (2007)
used the term ‘grey-zone resolution’ to refer to this type of reso-
lution. Some studies suggest that a grid size smaller than 1 km is
necessary to explicitly predict convective systems (Petch et al.,
2002; Bryan et al., 2003; Craig and Dörnbrack, 2008). In other
studies, larger grid sizes are considered sufficient for explicit
simulations of mesoscale weather (e.g. 4 km in Weisman et al.,
1997). Kain et al. (2008) and Schwartz et al. (2009) demonstrate
that decreasing horizontal grid spacing from 4 to 2 km provides
little added value considering the 10-fold increase in compu-
tational cost. In contrast, Deng and Stauffer (2006) show that
grid-point storm problems can be greatly reduced by applying
CP to simulations with a 4-km grid. Use of CP in the Japan
Meteorological Agency’s operational mesoscale NWP with a 5-
km grid was found to improve the precipitation forecast (Saito
et al., 2007). Use of CP is also recommended for higher reso-
lution simulations (e.g. a 2-km grid for a simulation of a thun-
derstorm in a Greek case; Kotroni and Lagouvardos, 2004).
Niemelä and Fortelius (2005) report that simulations of a Fin-
land widespread convective precipitation case without CP using
a grid size of 2.8-km grid yield less accurate results than those ob-
tained using full physics by introducing a resolution-dependent
CP trigger. It may be true to say that even a 1-km grid model
cannot properly reproduce some convective processes such as
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618 X. YU AND T.-Y. LEE

vertical transport, entrainment and detrainment processes in
evolving cumulus clouds (Craig and Dörnbrack, 2008).

Arakawa (2004) recommended a unified cloud parameteriza-
tion model in which many processes are fully coupled. Corre-
spondingly, Gerard and Geleyn (2005) and Gerard (2007) de-
veloped a package including deep convection, resolved con-
densation and microphysics to solve the problem of combin-
ing resolved grids and subgrid condensation at all resolutions.
This package can be used for resolutions from 2 to 100 km.
It was shown that the behaviours of their scheme at grey-zone
resolutions were consistent with those at lower and higher res-
olutions. Kuell et al. (2007) presented a hybrid approach in
which only updraft and downdraft were parameterized with a
net mass transport, while the subsidence in the environment was
treated by grid-scale equations. They stated that this approach
‘may fill the gap between coarse-grid models (grid spacing
>50 km) with classical parameterization schemes and very
highly resolved convection modelling (with a grid spacing of
the order of 100 m)’.

Despite many extensive studies concerning the treatment of
deep convections for high-resolution models, numerical simula-
tion at grey-zone resolution is still an unsolved problem. And it
is not clear yet whether CP should be used for such resolution
and what grid size can be a critical value, below which CP is
not necessary. In this study, we carry out an investigation to de-
termine the role of CP in numerical simulations of a convection
band at grey-zone resolutions. The Fifth-Generation Pennsylva-
nia State University/National Center for Atmospheric Research
(PSU/NCAR) Mesoscale Model (MM5) version 3.7.0 (Dudhia,
1993; Grell et al., 1994) is used. We adopt an approach simi-
lar to ‘observing system simulation experiment (OSSE)’. This
approach consists of three steps: (1) obtain a ‘simulated true
atmosphere (STA)’ using a very high-resolution simulation, (2)
obtain initial and boundary conditions from the STA fields for
use in simulations at grey-zone resolutions (i.e. 3, 6 and 9 km
grids) and (3) perform the simulations and compare them with
the STA fields. For the simulation, we select the intense quasi-
stationary convection band that occurred on 5–6 August 1998
over the mid-Korean Peninsula. For CP, the Kain–Fritsch Eta
scheme (Kain and Fritsch, 1990, 1993; Kain, 2004) (the KF2
option in MM5) is used for parameterized convection.

In this paper, we describe the role of CP focusing on the
following three aspects: (1) the dynamic and thermodynamic
impacts of parameterized convection on the simulation of the
convection band and its associated mesoscale circulation, (2)
the resolution dependency of such impacts and (3) whether CP
is necessary for simulations at grey-zone resolutions. This paper
is organized as follows. Section 2 describes the methods used in
this study. Section 3 presents the results of (1) the STA simu-
lation (i.e. cloud-resolving benchmark simulation), (2) a series
of simulations of the convection band at grey-zone resolutions
and (3) impact analyses. In Section 4, results obtained using a
modified trigger scheme in the KF CP scheme are analysed and

we discuss whether CP can improve the simulations. A summary
of the results is provided in Section 5.

2. Methods

For this study, we perform an OSSE to determine the role of CP
and its dependence on the horizontal grid size. The experimental
procedure is described later.

2.1. Experimental design

The present experiment consists of three steps. The first step is
to obtain the STA fields. This does not have to be the same as the
actual atmosphere, but needs to be sufficiently representative of
the real atmosphere. In this study, we obtain the STA fields us-
ing a simulation with 500-m horizontal grid spacing. Although
Bryan et al. (2003) argue that finer grid resolution, for example
100-m, may be desirable for convective storm simulation, simu-
lations with a 500-m grid can also provide realistic perspectives
of deep moist convection (Adlerman and Droegemeier, 2002;
Noda and Niino, 2003).

The second step is to obtain initial and boundary conditions
(ICs and BCs) for simulations at grey-zone resolutions (i.e. 3-,
6- and 9-km grids) from the STA fields. The third step is to
carry out the grey-zone simulations. This step consists of three
groups of simulations: simulations with (1) no CP (NOCPs),
(2) Kain–Fritsch CP (KFEXs) and (3) Kain–Fritsch CP with the
modified trigger function of Ma and Tan (2009) (MTEXs). Each
group contains three simulations with 3-, 6- and 9-km grids.
For example, NOCP3, NOCP6 and NOCP9 represent the no-CP
simulations with grid sizes of 3, 6 and 9 km, respectively.

The STA fields in the first step are obtained as follows. First,
we conduct a simulation with two-way nesting of 27–9–3 km
grids (Fig. 1). All domains (DM1, DM2 and DM3) have 23
sigma vertical levels and the model top is set to be 50 hPa. Initial
fields for this simulation are from the National Centers for En-
vironmental Prediction and National Center for Environmental
Research (NCEP-NCAR) reanalysis data (Kalnay et al., 1996),
with a 2.5◦ × 2.5◦ resolution at 6-h intervals from 00 UTC to
18 UTC 5 August. Surface (6 hourly) and upper-air (12 hourly)
observations from the South China Sea Monsoon Experiments
(SCSMEX, see Lau et al., 2000) are also considered using a
successive correction scheme on the basis of first guess. No
pre-forecast spin-up or assimilation of additional observations
is used.

After the above-mentioned simulation is complete, an addi-
tional simulation (STA simulation) is performed to obtain the
STA fields. The domain for the STA simulation is located within
DM3 (the domain for the 3-km grid simulation) (Fig. 1) and
contains 577 × 505 grid points with a 500-m grid size in the x
and y directions. Vertically, it has 46 sigma levels (twice the
number for DM3). The STA simulation starts at 06 UTC 5
August 1998 and lasts for 12 h. The ICs and BCs are interpolated
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Fig. 1. Experimental domain. The smallest rectangle is the domain for
the simulated true atmosphere with a 500-m horizontal grid spacing.

from the results of the 3-km grid simulation, which are stored
every 10 min. The land surface is assumed to be flat to avoid
inconsistencies between the model sigma level and the pressure
level, given that topography is much steeper at fine resolutions.
Sun and Lee (2002) showed that the Korean topography is not
an essential factor for the formation of the convection band con-
sidered in this study. For consistency, the same physics package
is used for both the DM3 and STA domains, except that a new
horizontal diffusion scheme developed by Liu et al. (2006) is
used for the STA simulation.

All the simulations in the third steps (i.e. NOCPs, KFEXs
and MTEXs) are carried out in the same domain as that located
within the STA domain. There are 94, 48 and 32 grids in the

east-west direction and 82, 42 and 28 grids in the north-south
direction for the 3-, 6- and 9-km grid models, respectively. The
ICs and BCs for these simulations are calculated by averaging
the STA fields. All simulations are performed for the 9-h period
from 09 to 18 UTC 5 August 1998, during which the convec-
tion band forms and develops. The model physics employed for
grey-zone simulations include the mixed-physics microphysics
scheme of Reisner et al. (1998), Blackadar’s high-resolution
planetary boundary layer scheme (Zhang and Anthes, 1982) and
the cloud atmospheric radiation scheme (Dudhia, 1993).

2.2. Case

This study considers a long-lived, quasi-stationary convection
band that occurred on 5–6 August 1998 over the middle of the
Korean peninsula (Figs 2 and 3). A GMS-enhanced infrared im-
age for 15 UTC 5 August (Fig. 2) shows an extended convective
system over the mid peninsula. The western part of the system
extends southwestward to the sea from the coast. Sun and Lee
(2002) studied this case and found that the band developed in
an area of large-scale convergent flow between a mid-latitude
cyclone to the north of the Korean peninsula and the western
pacific subtropical high (WPSH) to the south. Low-level south-
westerly flow along the northwestern rim of WPSH continuously
transports warm and moist air to the area of the convection band,
and this is essential for the development of the long-lived quasi-
stationary convection band. This convection band at its mature
stage consists of several long-lived precipitation cells along the
band. It is 20- to 30-km wide and about 300-km long.

Radar images show the formation and development of this
convection band in more detail (Fig. 3). A short and narrow
line of weak echo develops over the coastal area at 11 UTC
5 August. The convection band develops rapidly both seaward

Fig. 2. GMS-enhanced IR image showing
the convection band (indicated by a white
arrow) over the Korean Peninsula at 15 UTC
5 August 1998.
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620 X. YU AND T.-Y. LEE

Fig. 3. Radar images showing the distribution of reflectivity associated with the convection band for the period of 1100–1600 UTC 5 August 1998.
The circles in the image for 1600 UTC are the radius ranges of 100 and 200 km (from Sun and Lee, 2002).
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Fig. 4. Simulated wind fields at 925 hPa (the full barb represents 10 m s−1) and vertical maximum radar reflectivity (dBZ) for the STA. The lines
marked by ‘AB’ (1400 UTC), ‘C1D1’ (1600 UTC) and ‘EF’ (1800 UTC) indicate the locations of cross-sections shown in Fig. 5 for the three stages
of band development (formation, development and mature stages, respectively).
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and landward. The intensity of the echo along the line is weak
during this formation stage. A well-defined echo line is present
at 13 UTC. Generally, the radar echo shows a continuous line
structure, although several strong cells are visible along the line.
After 13 UTC, both the strength and width of the band develop
further, resulting in heavy rainfalls along the band. A detailed
description of this case can be found in Sun and Lee (2002).

3. Results

The STA simulation reproduces the initiation and evolution of
the convective band that occurred on 5 August 1998 fairly well.
In this section, we first describe the STA simulation. We then
investigate the effects of CP on the simulations of the convec-
tion band at grey-zone resolutions by comparing the simulation
results with the STA fields.

3.1. Simulated true atmosphere

A basic assumption of our approach is that the STA represents
the real atmosphere. Here, STA fields are compared with obser-
vations. For convenience, we show the convection band using
the maximum column reflectivity derived from model variables,
following Weisman et al. (2008). The equivalent radar reflectiv-
ity [Ze(dBZ)] is converted from model-calculated hydrometer
density values including cloud water, rain water, snow and ice
as described by Thompson et al. (2004). The simulated max-
imum column reflectivity and horizontal flow at 925 hPa are
shown in Fig. 4. Southwesterly wind dominates the southern
part of the domain during all stages. At 1300 UTC, two small
cells form just off the west coast. During the next 30 min, a
band of convective cells, including the two small cells, develops
rapidly over the sea. Landward movement of convective cells
(in an ENE direction) and continued formation of cells in the
upstream area of the band result in a well-defined convection
band after 1330 UTC. Another short band exists to the south of
the main band. The width and strength of the main band develop
further and the band shows a continuous line of heavy rainfall
after 1500 UTC. At its mature stage (after 1600 UTC), the band
with strong echo is about 300-km long and 20- to 30-km wide.
The relatively weak echo in the wide area to the south of the
strong echo band is associated with anvil clouds (Fig. 5c). Con-
tinued development of a narrow convection band is seen over
the sea in the upstream area.

The formation process can be summarized as the following:
(1) the band is initiated from the convection cells over the coastal
area; (2) it develops both seaward and landward showing more
rapid development over the sea and (3) it moves eastward as
embedded cells move in an ENE direction. These findings are
consistent with those of Sun and Lee (2002).

To further analyse the STA fields, we divide band develop-
ment into three stages: the formation stage (1200–1400 UTC),
the development stage (1400–1600 UTC) and the mature stage

(a)

(b)

(c)

BA

FE

C1 D  1

Fig. 5. Vertical cross-sections of convective system in terms of the
mixing ratio of total cloud (water and ice) and air motion along the
lines shown in Fig. 4: (a) ‘AB’, (b) ‘C1D1’ and (c) ‘EF’. The shadings
represent regions where the total cloud water–ice mixing ratios are 0.1,
0.2, 0.4, 0.8 and 1.6 g kg−1. The thick dashed line represents the
45-dBZ contour line of simulated radar reflectivity. The wind vector is
composed of horizontal wind (parallel to the cross-section) and vertical
velocity. Length of wind vector scale represents 20 m s−1 for
horizontal velocity and 5 m s−1 for vertical velocity, respectively.
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(1600–1800 UTC). Cross-sections across the band (or convec-
tive cell) at the culmination of these three stages (1400, 1600
and 1800 UTC) are shown in Fig. 5. At 1400 UTC, the con-
vective cell is still at a growing stage with its top reaching the
6-km level. Updrafts are found at low levels on both (northern
and southern) sides of the cell and merge into one as air ascends
above the middle of the cloud. Strong reflectivity (>45 dBZ) is
present at the centre of the cell from the upper part to the ground
level. The convective system embedded in the band at 1600 UTC
has grown to the maximum height of 13 km. Its basic structure
is similar to that seen for 1400 UTC, with strong updrafts up
to 7 km in height on both sides of the band and merging of
the updrafts at the upper part of the clouds. Strong reflectivity
is found throughout the system vertically, and downdrafts are
found in the section of strong reflectivity. At 1800 UTC, the
convection band is at a mature stage with anvil clouds present

to the southern side of the band. Although the basic structure
of the convection system is similar to that for 1600 UTC, the
circulation associated with the convective system has become
better defined and stronger. Updrafts at low levels are strong and
they merge at a height of 4 km. Downdrafts at low levels are
also strong, and form well-defined gust fronts resulting in strong
lifting of air on both sides of the band. Heavy rainfall occurs
along the band.

The STA simulation does not consider topography and may
show significant discrepancies from the real atmosphere. How-
ever, the simulated convection band forms and develops in a
manner close to that observed. We therefore assume that the
simulated atmosphere (i.e. the STA simulation) represents the
true atmosphere, and use the STA to obtain ICs and BCs for
simulations at grey-zone resolutions (i.e. NOCPs, KFEXs and
MTEXs). We also use the STA as the reference atmosphere

C2

D2

C3

D3

C4

D4

Fig. 6. Simulated vertical maximum radar reflectivity for NOCPs at 1400, 1600 and 1800 UTC. The three lines ‘C2D2’, ‘C3D3’ and ‘C4D4’ indicate
the locations of cross-sections shown in Fig. 7 for NOCP3, NOCP6 and NOCP9, respectively.
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against which the results of the grey-zone experiments are com-
pared to extract the role of parameterized convection in such
simulations.

3.2. Simulations without parameterized convection
(NOCPs)

In this section, we analyse simulations without convective pa-
rameterization (NOCPs) to determine if they can reproduce the
STA fields and to determine their dependence on grid size. We
then examine the bias in the simulated environment due to ne-
glect of CP.

The simulated maximum reflectivity fields at three stages are
illustrated in Fig. 6. The fields from NOCP3 are close to those
of the STA. The convection band consists of several individual
cells during the development stage. NOCP6 and NOCP9 can
also reproduce the convection band, although they produce fewer
small-scale details than NOCP3, and band formation is delayed.
In NOCP6, the band formation process is roughly similar to
that for the STA, but the initial cells are weaker and form about
30 min later than for the STA (not shown). In NOCP9, a well-
defined convection band forms at 1400 UTC, even though initial
convective cells do not form in advance. The simulated band
tends to show a continuous echo structure as grid size increases,
in contrast to observations (cell-type structure). This result is
expected, because a grid size larger than 6 km cannot resolve
most individual cells.

Figure 7 shows the cross-sections of the convection band for
1600 UTC, the locations of which are marked in Fig. 6. The
vertical structure of the band in the NOCP experiment varies
with grid size. The band in NOCP3 shows a fully developed
convective system with anvil clouds with a maximum height
near the 13-km level. The structure of the convection system
is similar to that of the STA at 1600 and 1800 UTC, show-
ing updrafts on both sides of the band and merging of the up-
drafts at a level of 4 km. Downdrafts are also evident below
the convective clouds. This structure becomes less clear and
the depth of updraft decreases as grid size increases. Reflectiv-
ity also weakens as grid size increases. In NOCP9, the cloud
top is below a height of 8 km and anvil clouds do not develop
even at 1800 UTC (not shown). As seen in NOCP3, a strong
outflow at the top of the convection band detrains the cloud
ice to the southern side of the band. Figure 7 also indicates
that simulations with 6- and 9-km grids cannot reproduce the
low-level downdrafts that contribute to strong lifting of low-
level air as observed in the STA. Horizontal distribution of the
simulated 6-h (1200–1800 UTC) rainfall amount (Fig. 8) shows
that NOCPs reproduce the narrow and intense precipitation band
fairly well, except that the amount of rainfall along the band cen-
tre in NOCP9 is significantly smaller than that for NOCP3 and
NOCP6.

Figure 9 shows the vertical profiles of the time- and domain-
averaged differences (NOCPs minus the STA) of the water

(a)

(b)

(c)

D2C2

D4C4

C3 D 3

Fig. 7. Same as Fig. 5, but for cross-sections across a mature cell at
1600 UTC 5 August 1998 along the lines (a) ‘C2D2’ (NOCP3), (b)
‘C3D3’ (NOCP6) and (c) ‘C4D4’ (NOCP9) shown in Fig. 6.
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Fig. 8. Horizontal distributions of total
rainfall amount for the 6-h period
1200–1800 UTC 5 August 1998 for (a) the
STA, (b) NOCP3, (c) NOCP6 and (d)
NOCP9. Contour line are 2, 4, 8, 16, 32, 64
and 128 mm.

Fig. 9. Profiles of the domain- and
time-averaged bias in NOCP simulations
(NOCP minus the STA) with different grid
spacings (solid: 3 km; dashed: 6 km;
dash-double dotted: 9 km): (a, c) water
vapour mixing ratio and (b, d) equivalent
potential temperature during 1200–1400
UTC (upper panels) and 1400–1600 UTC
(lower panels), respectively.
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vapour mixing ratio, and the equivalent potential temperature
(θ e). Bias is small for NOCP3 compared to that for NOCP6 and
NOCP9. Its magnitudes are significantly larger in the develop-
ment stage (Figs 9c and d) than those in the formation stage
(Figs 9a and b). For the water vapour mixing ratio, couplets of
positive (moist) and negative (dry) bias are found in the layer
below and above the level of zero bias near the 4.5-km height for
14–16 UTC, respectively. The bias of θ e reflects both features,
showing a maximum positive θ e bias at about 3 km and a large
negative θ e bias at about 5 km in NOCP6 and NOCP9. As a
result, the lower troposphere in NOCPs (especially NOCP9) is
more stable than that in the STA. The moisture bias structure
in NOCP seems to be associated mainly with the difference in
convective development between NOCP and STA. Depth and
intensity (i.e. updrafts) of major convective cells along the band
decrease with grid size. For example, maximum updraft velocity
for 15 UTC is 1.7 m s−1 (at 3.5 km) for NOCP9, 5.4 m s−1 (at
5.2 km) for NOCP6, 8.5 m s−1 (at 6.8 km height) for NOCP3 and
11.1 m s−1 (at 8.2 km height) for STA. And cloud development
is mainly below about 4.5 km for NOCP9, 6 km for NOCP6
and 10.5 km for NOCP3 and STA (not shown). Thus, convective

transport of low-level moisture to upper levels is much weaker
in NOCP9 than that in STA.

NOCPs indicate that a grid resolution of 3 km is sufficient
to resolve the convection band considered in this study and
convective parameterization may not be necessary. In contrast, a
9-km grid is not sufficient to reproduce the deep convection band.
The initial cells that are important for band formation are com-
pletely missed. Furthermore, mesoscale circulation associated
with the convection band does not develop properly in NOCP9.
Simulation with a 6-km grid partly resolves the convection band
during its development, but misses the initial cells, similar to
NOCP9. Our results also indicate that the bias in atmospheric
stability caused by inefficient vertical transport of moisture can
be significant for grid sizes of 6 and 9 km.

3.3. Simulations with parameterized convection
(KFEXs)

Simulations in this section incorporate parameterized convection
using the Kain–Fritsch scheme (Kain and Fritsch, 1990, 1993;
Kain, 2004) and are referred to as KFEXs.

G1

H1

G2

H2

Fig. 10. Horizontal distribution of total (left), grid-resolved (centre) and parameterized (subgrid) (right) rainfall amounts for the 6-h period from
1200 to 1800 UTC 5 August 1998. The upper, middle and lower panels are for KFEX3, KFEX6 and KFEX9, respectively. The lines ‘G1H1’ and
‘G2H2’ represent the locations of the cross-sections shown in Fig. 14.
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The horizontal distributions of the amount of 6-h rainfall from
KFEXs are shown in Fig. 10. The rainfall area is much wider for
KFEXs than those for the STA and NOCPs. Furthermore, the to-
tal rainfall amount in the major band area decreases rapidly with
grid size increasing. The distributions of resolved rainfall (Figs
10b, e and h) in the KFEX simulations match those observed
for the STA well in terms of location and width of the band.
However, the length of the rain band for a total rainfall amount
of greater than 64 mm decreases rapidly with grid size, and is
over 200 km in KFEX3 and over 80 km in KFEX6. The maxi-
mum amount of rainfall for KFEX9 is no more than 64 mm. The
total rainfall amount for the KFEX6 and KFEX9 simulations
is dependent mainly on parameterized convection. Furthermore,
rainfall in the wide area surrounding the band is largely due
to parameterized convection and is incorrectly predicted. It ap-
pears that CP is too easily invoked and too much coverage of
convective precipitation is predicted.

Comparison of KFEX3 (Fig. 10b) and NOCP3 (Fig. 8b) in-
dicates that the impact of CP is not very significant for the
simulation of resolved rainfall band at 3-km grid resolution.
The formation and evolution of the resolved band from the two
simulations are also very similar to each other according to our
examination of resolved fields (not shown). However, the impact
increases with grid size. KFEX9 completely misses the develop-
ment of a resolved convection band, although strong convective
systems occur over land at 1800 UTC (not shown).

Figure 11 compares the temporal variation of the precipitation
rates averaged over the whole domain for NOCPs and KFEXs.
The precipitation rate increases with time as the convection band
forms and develops into a mature system. The precipitation rate
and its temporal variation for NOCPs are close to those for the
STA, except that the rate is underestimated in NOCP9 through-
out the period, mainly due to the delayed and weaker convection
band (Fig. 11a). The precipitation rate in NOCP6 is underesti-
mated before 1500 UTC, but overestimated after 1600 UTC.

When CP is accounted for in simulations (KFEXs), the to-
tal precipitation rate is significantly overestimated in the early
stage before 1500 UTC (Fig. 11b). However, it becomes close
to the STA after 1500 UTC. Grid-resolved and parameter-
ized precipitation rates are shown in Figs 11c and d, respec-
tively. The resolved precipitation rate of KFEXs is significantly
smaller than that for the STA, especially for KFEX6 and KFEX9
(Fig. 11c). The parameterized rate increases with grid size,
but does not change much over time (Fig. 11d). As shown in
Figs 10f and i, a significant portion of the parameterized rainfall
is falsely predicted in the area surrounding the band. Thus, the
similarity of the KFEX precipitation rate to the STA rate after
1500 UTC in Fig. 11b is not sufficient to allow prediction of the
convection band.

CP tends to produce an excessive drying/moistening in the
layer below/above the 4-km height in the band formation stage
(12–14 UTC) (Fig. 12). This tendency becomes clearer as grid

Time (UTC) 5 August Time (UTC) 5 August 

Fig. 11. Temporal variation of domain-averaged rainfall rates for (a) NOCPs and (b–d) KFEXs [(b) total (resolved + subgrid), (c) grid-resolved and
(d) sub-grid rainfall rates]. Each line represents an experiment: the STA (triangle) and simulations with 3 km (solid), 6 km (dashed) and 9 km
(dash-double dotted) grids.
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Fig. 12. Same as Fig. 9, but for KFEXs.

size increases. Parameterized convection effectively removes in-
stability. However, it removes instability too readily.

Moisture-bias profiles in the simulations with CP are inverted
compared to the NOCP results (see Figs 9 and 12). Thus, both
simulations with and without CP do not accurately simulate
the atmospheric structure surrounding the convection band. For
a grid size of 3 km, the two simulations produce results fairly
close to the STA fields. For coarser grids (i.e. 6- and 9-km grids),
however, the precipitation systems predicted from NOCP6 and
NOCP9 are more similar to the STA than those predicted from
KFEX6 and KFEX9. Furthermore, simulations with CP result
in the forecast of spurious precipitation. If CP is not included in
simulations, there may be late development of the precipitation
system in the formation stage and ineffective removal of instabil-
ity. The latter may result in false rainfall predictions in forecasts
for longer time periods than the present integration period (9 h).
This possibility needs to be investigated further.

4. Simulations with a modified trigger function

As pointed out in the previous section, both simulations with and
without CP do not simulate the atmospheric structure surround-
ing the convection band accurately. In this section, we employ
the modified trigger function proposed by Ma and Tan (2009)
in the KF scheme to further examine whether CP is useful for

simulations at lower resolutions (i.e. 6- and 9-km grids). The
current and modified trigger functions are explained below in
brief.

Beginning at the surface, vertically adjacent model layers
are mixed until the total depth becomes at least 50 hPa. The
thermodynamic properties of this updraft source layer (USL)
are mass weighted. The USL is lifted to its lifting condensation
level (LCL), where its temperature is TLCL. This lifted air is
usually colder than its environment (with temperature TENV)
and is negatively buoyant. A temperature perturbation (�T ) is
added to TLCL to drive the parcel. This temperature perturbation
is defined as

�T = kW
1/3
G , (1)

where k is a unit number with dimensions K s1/3 cm−1/3 and WG

is a function of the grid-scale vertical velocity, the grid spacing
and the LCL height of the USL (Fritsch and Chappell, 1980;
Kain, 2004). The following criterion is then checked to see if
convection should be initiated:{

TLCL + �T > TENV, convection initiates

otherwise, search for next potential USL
(2)

The definition of �T is crucial in determining whether
convection should be triggered. In this study, we found
that the current definition triggers parameterized convection
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inappropriately. Recently, a new algorithm to define the tem-
perature perturbation was proposed by Ma and Tan (2009):

�T = ChδTh + CvδTv, (3)

where δTh is the spatial anomaly of temperature for each local
grid against the horizontal mean of its environmental temper-
ature (i.e. average over nine adjacent grid points surrounding
the grid point of interest), δTv the temperature anomaly against
the vertical mean temperature (i.e. average over the three sigma
levels, LCL-1, LCL and LCL+1). The non-dimensional coef-
ficients Ch and Cv are the normalized horizontal and vertical
moisture advection, respectively. The normalization algorithm
is as follows:

Ch,v =
⇀

V · ∇q − min(
⇀

V ·∇q)h,v

max(
⇀

V ·∇q)h,v − min(
⇀

V ·∇q)h,v

, (4)

where max(
⇀

V ·∇q)h,v and min(
⇀

V ·∇q)h,v are calculated within
the same grid boxes as that of δTh and δTv.

By adding a positive relationship between the grid-scale tem-
perature anomaly (represented by the effect of environmental
forcing) and local forced convective disturbance, Ma and Tan
(2009) demonstrate that the new algorithm reduces subgrid-

scale rainfall considerably and removes instability under weak
environmental forcing effectively. In this study, we modify the
calculation of the vertical average of environment temperature,
because the average of temperatures at three vertical grids is
not exactly the average value at the mid-grid level in a verti-
cally stretched grid system. Here, using linear interpolation, we
first obtain the temperature at the height (within the upper box)
whose distance from the mid grid level is the same as the grid
depth below the mid-grid level. Then, we perform vertical aver-
aging using the interpolated value and the values for the mid and
lower grids. We designate MTEXs for the group of grey-zone ex-
periments using Ma and Tan’s (2009) definition of temperature
perturbation.

Simulated 6-h precipitation amounts for 1200–1800 UTC
from MTEXs are shown in Fig. 13. A narrow band of heavy
rain is seen for MTEX3 and MTEX6, similar to the STA
(Figs 13a and d). The band is due mainly to resolved rainfall
(Figs 13b and e). Parameterized rainfall over the coastal area
also shows a band-type distribution, but the amount of rainfall is
significantly smaller than the resolved rainfall. The total amount
of rainfall along the band is much lower for MTEX9 than for
MTEX3 and MTEX6. Comparison of Figs 10 and 13 reveals
notable differences between MTEXs and KFEXs. The area of

G3

H3

G4

H4

Fig. 13. Same as Fig. 10, but for MTEXs. The lines ‘G3H3’ and ‘G4H4’ represent the locations of the cross-sections shown in Fig. 14.
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H2G2

G4 H4

(a)

(c)

(b)

(d)

H1G1

G3 H 3

Fig. 14. Same as Fig. 5, but for cross-sections over a resolved mature cell at 1600 UTC 5 August 1998 along the lines (a) ‘G1H1’ (KFEX3) and (b)
‘G2H2’ (KFEX6) shown in Fig. 10 and (c) ‘G3H3’ (MTEX3) and (d) ‘G4H4’ (MTEX6) shown in Fig. 13.

parameterized rainfall is significantly smaller for MTEXs than
for KFEXs, especially in the area surrounding the band. In
MTEXs, parameterized convection is triggered mostly along
the band, and only rarely in the area of inflow air. This allows
stronger development of a resolved convection band.

Vertical cross-sections of the resolved cloud systems at 1600
UTC from KFEXs and MTEXs are shown in Fig. 14. Resolved
clouds and circulations for KFEX3 and MTEX3 are similar
in size and structure, with two branches of air lifting below 4
km height, strong updrafts of up to about 10 km in height and
anvil clouds (Figs 14a and c). However, there are significant
differences in shape and structure between KFEX6 and MTEX6
(Figs 14b and d). In KFEX6, resolved deep convection and its
associated circulation do not develop. Instead, a shallow con-
vection system is found along the band. In contrast, MTEX6 is
still able to reproduce resolved deep convection similar to that
produced by MTEX3.

Figure 15 shows the total precipitation rates averaged over the
whole domain from the STA, NOCPs, KFEXs and MTEXs. The
rates for MTEXs are generally closer to those of the STA than
those of KFEXs. Improvement is more noticeable for the 6-km
grid simulation (MTEX6). For the 9-km grid, all simulations
show significant discrepancies from the STA. Comparison of
bias profiles indicates that the bias of MTEX6 is significantly
smaller than that of NOCP6 and KFEX6 (Fig. 16). Furthermore,
for the 9-km grid simulations, the bias of θ e for MTEX9 is
smaller throughout much of the troposphere than for the other
simulations.

The comparisons between the three sets of experiments may
be summarized as follows. For the 3-km grid simulations, NOCP
simulations produce results for the simulated fields that are more
similar to the STA than KFEX and MTEX, although differences
between the simulations are not large. The CP experiments re-
veal that including CP in simulations is not necessary. Use of

Tellus 62A (2010), 5



630 X. YU AND T.-Y. LEE

Time (UTC) 5 August
Fig. 15. Temporal variation of the domain-averaged total rainfall rates
for simulations with grid sizes of (a) 3 km, (b) 6 km and (c) 9 km. Each
line represents an experiment: the STA (triangle), NOCPs (solid),
KFEXs (dashed) and MTEXs (dash-double dotted).

the original KF scheme degrades the quality of simulations by
producing more rainfall during the early stage of band devel-
opment and significant bias in the average vertical structure of
thermodynamic fields.

For the 6-km grid simulations, both NOCP and MTEX simu-
lations produce comparable results. The NOCP and MTEX sim-
ulation results also agree with the STA fairly well. Use of the
new temperature perturbation definition of Ma and Tan (2009)
for the trigger function in the KF scheme improves the original
KF scheme as follows: (1) the area of parameterized convec-

tion is significantly reduced, (2) over-prediction of the domain-
averaged rainfall amount in the early stage is significantly re-
duced, (3) a stronger resolved convection band develops and (4)
the bias in the vertical structure of air surrounding the convec-
tion band is reduced. In particular, MTEX6 shows a noticeably
smaller bias than NOCP6 and KFEX6 throughout much of the
troposphere. This suggests that use of the modified trigger func-
tion in the KF scheme for simulations of convection bands is a
good choice.

For a 9-km grid size, both simulations with and without CP
are substantially different from the STA: (1) the total rainfall
amount is significantly smaller, (2) the development of resolved
convection is weak, especially using the original KF scheme
and (3) the bias in the vertical structure of environmental air
is significant. Thus, a grid size of 9-km is not sufficient for
simulations of the band type convection considered in this study.

5. Conclusions

We have investigated the role of convective parameterization
in simulations of a convection band at grey-zone (2–10 km)
resolution using OSSE. The case considered for this study is
an intensive quasi-stationary convection band that occurred on
5–6 August 1998 over the middle of the Korean Peninsula. The
MM5 (Dudhia, 1993; Grell et al., 1994) is used for this study.

This study indicates that 3 km is sufficient to resolve the
convection band considered in this study and convective pa-
rameterization may not be necessary. In contrast, 9 km is not
sufficient to reproduce the deep convection band and parameter-
ized convection tends to suppress the development of resolved
convection band.

Both simulations with and without CP are deficient in simulat-
ing the atmospheric structure surrounding the convection band.
One of the major problems in simulations using CP is exces-
sive triggering of parameterized convection. False triggering of
CP in the area surrounding the convection band may weaken or
suppress the development of a resolved convection band through
excessive stabilization of inflow air. Significant improvement for
this problem has been obtained by using the formula of Ma and
Tan (2009) for temperature perturbation in the trigger function
of the KF scheme. The improvements are more noticeable for
the simulations with a 6-km grid, indicating that KF CP with the
modification of Ma and Tan (2009) can be useful.

The generality of our conclusions needs to be confirmed,
because this study is based on only a convection band event and
a numerical model (MM5). Investigations with more cases (e.g.
heavy precipitation systems associated with fronts and cloud
clusters, etc.) and other NWP models (e.g. WRF) are desirable.
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