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Abstract: The convective parameterization scheme of the Korean Integrated Model (KIM) is ten-
tatively modified to suppress grid-point storms in the Western Pacific Ocean. The KIM v3.2.11
suffers from the numerical problem that grid-point storms degrade forecasts in the tropical oceans
and around the Korean Peninsula. Another convective parameterization scheme, the new Tiedtke
scheme, is implemented in the KIM. The artificial storms are suppressed in the test version because
the heating and drying tendencies of the new Tiedtke scheme are stronger than those of the default
KIM Simplified Arakawa-Schubert (KSAS) scheme. Based on this comparison, the KSAS scheme is
modified to strengthen its heating and drying tendencies by reducing the entrainment and detrain-
ment rates. The modified KSAS scheme suppresses grid-point storms and thus decreases grid-scale
precipitation in a summertime case simulation. Twenty 10-day forecasts with the default convection
scheme (KSAS) and twenty forecasts with the modified scheme are conducted and compared with
each other, confirming that the modified KSAS scheme successfully suppresses grid-point storms.

Keywords: Korean Integrated Model; grid-point storms; convective parameterization; KIM simpli-
fied Arakawa-Schubert scheme; new Tiedtke scheme; entrainment and detrainment rates

1. Introduction

Improving precipitation processes in numerical weather prediction and climate mod-
els is one of the most important but difficult tasks for achieving better weather and climate
prediction [1,2]. Numerical models generally simulate clouds and precipitation using two
kinds of parameterization schemes—cloud microphysics and deep/shallow cumulus con-
vection schemes—which handle grid-scale and subgrid-scale moist processes, respectively.
By generating clouds (precipitating), the two schemes remove grid-scale supersaturation
and convective instability, respectively, stabilizing cloudy space. However, unrealistic
weather events can occur intermittently or systematically unless moist instabilities are
sufficiently eliminated. One example is the grid-point storm, which develops from weak
moist disturbances through positive feedback from grid-scale condensation, latent heat
release, and surface pressure drop and convergence. Grid-point storms are often embedded
in convectively unstable events (e.g., a squall line or a mesoscale convective complex),
lasting several hours and severely degrading numerical forecasts [3,4]. One simple way
to suppress them is to make cumulus convection stronger to deplete more convective
instability, as Han and Pan [2] suppressed unrealistic grid-point storms in Southern Al-
abama. However, overactive subgrid convection can also suppress real convective events
themselves and cause biases of precipitation and other variables. Thus, the two cloud
parameterization schemes should be well-balanced to predict precipitation accurately but
also remove instabilities sufficiently.

The Korean Integrated Model (KIM [5]) v3.2.11, updated in December 2018, also
suffers from grid-point storms in the Western Pacific Ocean. Unrealistic excessive grid-scale
precipitation tends to appear around tropical disturbances or cyclones in the Philippine Sea
and the East China Sea in the late forecast period (e.g., after 7 days in the 10-day forecast).
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The grid-point storms often survive several days and impact nearby northward tropical
cyclones (TCs), affecting convergent flow ahead of the TCs and precipitation over the
Korean Peninsula. This kind of pattern deteriorates the boreal summertime skill scores of
the KIM severely, thus we have been trying to mitigate this problem.

In this study, a different convection scheme is first implemented in the KIM and
tested to show the sensitivity of the grid-point storms to the convection schemes. Then,
the deep convection scheme in the KIM is modified to suppress the grid-point storms in the
Western Pacific Ocean. The selected boreal summertime case and numerical experiments
are described in Section 2, and the results are presented in Section 3. A summary and
conclusions are given in Section 4.

2. Numerical Experiments
2.1. KIM and a Case Description

The KIM, a newly developed non-hydrostatic global weather forecasting model, em-
ploys the spectral element method in horizontal discretization and the finite difference
method in vertical discretization over a NE360 (∆ ∼ 12.5 km) cubed sphere grid [6,7],
with observation data processing and data assimilation over its native grid [8,9]. The physics
package modules that are used in this study include radiation [10], cloudiness [11], land
surface processes [12,13], ocean surface processes [14,15], vertical diffusion [16,17], subgrid
orographic drag [18], and non-orographic gravity wave drag [19]. Grid-scale condensation
and precipitation in the KIM are parameterized by the Weather Research and Forecasting
(WRF) single-moment 5-class (WSM5) microphysics scheme [20,21]. Recently, the WSM5
scheme in the KIM was revised to consider partial cloudiness in which microphysical
properties in clear and in-cloud parts are calculated separately [22]. The other type of
precipitation, convective precipitation, is parameterized by shallow or deep convection
schemes depending on the depth of the cumulus. The Global Forecast System (GFS) shal-
low convection scheme [2] is used to calculate the convective precipitation amount from
cumulus shallower than 150 hPa. The convective precipitation from deeper cumulus is
calculated by a modified version of the Simplified Arakawa-Schubert convection scheme
in the KIM (KSAS), in which several modifications to the subgrid-scale properties were
made [23–26].

In the KIM v3.2.11, grid-point storms frequently appear around tropical disturbances
or TCs in the boreal summertime in the Western Pacific Ocean. They degrade forecasts
in the tropics and around the Korean Peninsula by affecting the tracks and intensities of
northward-moving TCs. To investigate their sensitivity to convective parameterization
schemes, we select one boreal summertime period (19–29 July 2017) when tropical distur-
bances were active in the Western Pacific Ocean and some of them developed into TCs
(e.g., TCs Noru, Kulap, and Nesat; Figure 1a–e). A 10-day control experiment with the
current KIM physics package (CTL hereafter) is conducted starting at 0000 UTC on 19 July
2017. The European Centre for Medium-Range Weather Forecasts (ECMWF) fifth major
global reanalysis data, ERA5 [27] are remapped on the cubed-sphere grid with NE360
horizontal resolution and 91 vertical levels, and the remapped data are used as the ini-
tial conditions of the CTL experiment. The simulation results are saved every six hours
for analysis.

The CTL simulation results, interpolated to the 0.125°× 0.125° latitude–longitude
grid, are compared with the 0.25°× 0.25° precipitation measurements in the tropical and
subtropical regions from the Tropical Rainfall Measuring Mission (TRMM) Multi-Satellite
Precipitation Analysis (TMPA) observations (Figure 1). Details of TMPA observations
can be found in [28]. In the CTL experiment, there were tropical disturbances or TC-like
vortices in the Western Pacific Ocean during the initial period (Figure 1f) and they evolved
to two strong TCs during the final period (Figure 1j). During the transition stage, one strong
grid-point storm developed on the east side of the TC in the Philippine Sea (Figure 1h)
and it affected the TC afterwards (Figure 1i,j). Tropical disturbances and grid-point storms
become more active after 0000 UTC on 24 July 2017 (five-day integration). Therefore,
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we perform two restart runs from the initial five-day CTL integration with different con-
vective parameterization schemes to investigate the sensitivity of the convective activity to
the convective instability and its parameterization (see Section 2.2).

Figure 1. Fields of the six-hourly precipitation rate at 0000 UTC on July (a) 21, (b) 23, (c) 25, (d) 27,
and (e) 29, 2017 from the TMPA observations and the same fields from the CTL experiment (f–j).
Sea-level pressure contours (4 hPa interval) from the ERA5 reanalysis data and CTL experiment are
added to show synoptic systems with the precipitation rate fields. The area shown in Figure 2a is
indicated with a rectangle with blue solid lines in (h).

2.2. New Tiedtke Scheme (NTDK) and MOD Experiments

We first examine the grid-point storms in our test version with the convective parame-
terization schemes replaced with the new Tiedtke scheme. The new Tiedtke scheme uses
the mass-flux approach to represent deep, shallow, and mid-level subgrid convections,
as did its original version [29]. In this newly modified scheme, a moisture convergence
closure is replaced with a convective available potential energy closure to improve diur-
nal cycles [30], and the entrainment formulation is modified to better represent tropical
variability [1]. The new Tiedtke scheme also improves the simulation of marine boundary
layer clouds over the Southeast Pacific Ocean [31]. In this study, a five-day experiment
with the new Tiedtke scheme (NTDK hereafter) is performed starting with the five-day
integrated CTL data at 0000 UTC on 24 July 2017. The CTL and NTDK experiments are
compared in Section 3.1.
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Based on the comparison of the CTL and NTDK experiments (Section 3.1), the default
deep convection scheme in the KIM (KSAS) is tentatively modified. The entrainment and
detrainment rates in the default KSAS scheme are defined according to [1]:

ε = ε0

(
qs

qsb

)2
+ d1(1 − RH)

(
qs

qsb

)3
, (1)

δ = ε0, (2)

ε0 =
c1

zb
, (3)

where ε0 is the entrainment rate at the cloud base, zb is the cloud base height, c1 is 0.1 in
the default scheme, qs is the saturation mixing ratio, qsb is the saturation mixing ratio at the
cloud base, RH is relative humidity, and d1 is 10−3 m−1. The constant c1 is reduced to 0.07,
and a five-day experiment with the modified KSAS scheme (MOD hereafter) is conducted,
starting with the five-day integrated CTL data at 0000 UTC on 24 July 2017. Along with the
MOD experiment, c1 values of 0.05, 0.06, 0.08, and 0.09 are tested, and the MOD experiment
produces the most satisfactory results (not shown). The impacts of the reduced entrainment
and detrainment rates on grid-point storms are discussed in Section 3.

2.3. CTL-COARSE, NTDK-COARSE, and MOD-COARSE Experiments

Although the impacts of entrainment and detrainment rates reduction are distinct in
the CTL and MOD case simulations, more cases are required to clarify the impacts. Thus,
three sets of forecasts are performed and compared with each other. Due to our limited
computing resources, coarser horizontal resolution NE180 grid (∼25 km grid interval)
is used in these experiments, but the original vertical resolution is used. Twenty 10-day
forecasts with the default physics package (CTL-COARSE hereafter) starting at 0000 UTC
on 1–20 July 2017, respectively, are performed, and the same suite of experiments but
with the modified KSAS scheme (MOD-COARSE hereafter) is conducted simultaneously.
For the comparison of overall performance, a suite of experiments with the new Tiedtke
scheme (NTDK-COARSE hereafter) is conducted together. The ERA5 data are remapped
on the NE180 grid with 91 vertical levels for each day in the period of 1–20 July 2017 and
the remapped data are used as the initial conditions of the three suites of experiments.
The results are presented at the end of Section 3.

3. Results and Discussion
3.1. Grid-Point Storms and Heating and Drying Tendencies

As seen in Figure 1h, one strong grid-point storm emerges on the east side of the TC
in the Philippine Sea, and it affects the TC afterwards in the CTL experiment (Figure 1i,j).
The TC in the Philippine Sea in the CTL experiment seems to be the TC Nesat, which
develops a few days earlier than observation. Figure 2 shows the grid-point storm and
weaker (light green) grid-scale precipitation cores at forecast hour 132 (12 h after the five-
day integration) in the CTL experiment. The grid-point storm appears as a strong updraft
filled with snow and rain, extending upward to ∼100 hPa (Figure 2b). Several weaker
updrafts (vertical velocity less than 0.4 m s−1) appear in the cross section across the gray
line in Figure 2a, but rain from the updrafts evaporates below ∼600 hPa without touching
the bottom. This indicates that there are many grid-point storm candidates in the area
of interest.
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Figure 2. (a) Horizontal distribution of the six-hourly grid-scale precipitation rate (shaded; mm 6 h−1)
and (b) the vertical distribution of the mixing ratio of rain and snow (shaded; g kg−1) across the gray
transect in (a) at 1200 UTC on 24 July 2017 from the CTL experiment. Sea-level pressure contours
(4 hPa interval) are added in (a), and contours of vertical velocity of 0.4 m s−1 are added in (b).

To investigate the activity of (potential) grid-point storms, we calculate the fraction of
excessively strong updrafts and the fraction of heavy grid-scale precipitation. The fraction
of grid columns where the maximum vertical velocity is greater than 1 m s−1 and the
fraction of grid columns where the six-hour accumulated grid-scale precipitation amount
is greater than 80 mm in the selected domain (100° E–160° W, 0–50° N) are presented
in Figure 3. In the CTL experiment, both fractions tend to increase with time, implying
the continuous development of grid-point storms. In contrast, the fractions in the other
two five-day restart experiments do not increase with time. The grid-point storms and
weak updrafts observed after the five-day integration in the CTL experiment seem to be
suppressed in the NTDK and MOD restart experiments.

Figure 3. Time series of (a) the fraction of grid columns where the maximum vertical velocity is
larger than 1 m s−1 and (b) the fraction of grid columns where the six-hour accumulated grid-scale
precipitation amount is larger than 80 mm in the selected domain (100° E–160° W, 0–50° N) from the
CTL (black dashed), NTDK (blue dotted), and MOD (red solid) experiments.
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The stabilizing impact of the new Tiedtke scheme is examined by analyzing the heat-
ing and drying tendencies of the convection schemes. The vertical profiles of the heating
and drying tendencies averaged over the selected domain in the CTL, NTDK, and MOD
experiments are shown in Figure 4. The heating and drying (negative moistening) tenden-
cies in the NTDK experiment are stronger than those in the CTL experiment, illustrating
that the parameterized subgrid overturning circulations and subgrid subsidence heating
and drying in the new Tiedtke scheme are stronger than those in the default KSAS scheme.
To check the significance of the differences between the CTL and NTDK experiments, we
perform t-tests for the heating and drying tendencies between 900- and 200-hPa levels,
and the p-values are almost zero (<10−6), indicating statistically significant differences.
The suppression of grid-point storms in the NTDK experiment (Figure 3) is attributable
to the stronger heating and drying tendencies in the NTDK experiment than in the CTL
experiment, and thus the MOD experiment is designed to have stronger heating and drying
tendencies to better stabilize the tropical atmosphere. For the CTL and MOD experiments,
the p-values of the heating and drying tendencies between 900- and 200-hPa levels are 0.027
and 0.024, respectively, showing statistically significantly enhanced heating and drying
tendencies at the 95% confidence level in the MOD experiment as we designed.

Figure 4. Vertical profiles of (a) the heating and (b) moistening tendencies averaged over the selected
domain (100° E–160° W, 0–50° N) and over the period from 0000 UTC on 24 July to 0000 UTC on 25 July
2017 from the CTL (black dashed), NTDK (blue dotted), and MOD (red solid) experiments. Note that
the tendencies from the GFS shallow convection scheme are included in the CTL and MOD profiles.

3.2. Impact of Convection Scheme Modification: Case Experiment

The magnitude of the tendencies in the MOD experiment, in which the entrainment
and detrainment rates are reduced, falls between the magnitudes of the CTL and NTDK
experiments (Figure 4). Due to the greater heating and drying in the MOD experiment than
in the CTL experiment, a 12-h integration with the stronger deep convection scheme alone
can suppress the grid-point storm and updrafts, as shown in Figure 5. When compared with
the CTL experiment (Figure 2), the intensities of the updrafts and grid-scale precipitation
in the MOD experiment are considerably lower, and many of the grid-scale precipitation
cores disappear.
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Figure 5. (a) Horizontal distribution of the six-hourly grid-scale precipitation rate (shaded; mm 6 h−1)
and (b) the vertical distribution of the mixing ratio of rain and snow (shaded; g kg−1) across the gray
transect in (a) at 1200 UTC on 24 July 2017 from the MOD experiment. Sea-level pressure contours
(4 hPa interval) are added in (a), and contours of vertical velocity of 0.4 m s−1 are added in (b).

The grid-scale precipitation rates in the CTL, NTDK, and MOD experiments are shown
in Figure 6. The grid-point storm on the east side of the TC Nesat strengthens at forecast
hour 144, and the pre-existing TC merges with the strengthened grid-point storm after
forecast hour 192 in the CTL experiment (Figure 6c). In contrast, the signature of the
grid-point storm disappears at forecast hour 240 in the NTDK experiment, and the TC
moves northward to the southeast coastal region of China. While the tropical disturbances
completely disappear in the Western Pacific Ocean in the NTDK experiment, the tropical
disturbances—or the signature of the grid-point storm—survive until the end of the MOD
experiment (Figure 6i). However, their magnitude is weaker than in the CTL experiment,
and the pre-existing TC moves northward to the southeast coastal region of China as in the
NTDK experiment (Figure 6f,i).

Figure 6. Fields of the six-hourly grid-scale precipitation rate (shaded; mm 6 h−1) at 0000 UTC on July
(a) 25, (b) 27, and (c) 29, 2017 in the CTL experiment, and the same fields in the NTDK experiment
(d–f) and in the MOD experiment (g–i). Sea-level pressure contours (4 hPa interval) are presented
with the precipitation rate fields.
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To understand more on the impacts of the grid point storm, the trajectories and
intensities (minimum sea-level pressure) of the TC Nesat are calculated using a simple
TC tracking method (Figure 7). Using the TC information from the Korea Meteorological
Administration (KMA), the latitudinal and longitudinal ranges of a target TC are calculated
first, and then the locations of the minimum sea-level pressure in the area are detected in
each experiment. In all the experiments, the minimum sea-level pressure starts to fall a
few days earlier than observation, indicating the earlier development of the TC in the KIM
simulations (Figure 7b). It is also notable that the simulated minimum sea-level pressure
is higher than observation. Despite the preceding TC development, the simulated TCs
follow the observed trajectory of the TC Nesat except the TC in the CTL experiment. In the
CTL experiment, the TC moves westward to the Philippine until 0600 UTC on 28 July 2017,
and then its center moves northeastward due to the merger of the TC with the stronger
grid point storm. In the NTDK and MOD experiments, on the other hand, the grid point
storm is suppressed and the TC Nesat moves northwestward, consistent with the observed
trajectory (Figure 7a). Thus, the suppression of grid point storms can improve the track
forecasts of TCs, especially in the late period of mid-range forecasts.

Figure 7. (a) Trajectories of the TC Nesat and (b) time series of the minimum sea-level pressure from
KMA (green) and CTL (black), NTDK (blue), and MOD (red) experiments.

Figure 8 shows the time series of area-averaged six-hourly grid-scale, subgrid-scale
convective, and total precipitation rates. When compared with the CTL experiment, the grid-
scale precipitation rate decreases and the convective precipitation rate increases in the NTDK
experiment (Figure 8a,b). The p-values for the area-averaged grid-scale and subgrid-scale
precipitation rates are less than 0.01, showing the significance of the differences between
the CTL and NTDK experiments. As in the NTDK experiment, the modified convection
scheme yields more convective precipitation than in the CTL experiment due to enhanced
subgrid convection (Figure 8b), and the grid-scale precipitation from the microphysics
scheme decreases due to the less artificial condensation in the MOD experiment (Figure 8a).
This trend is confirmed by the p-values for the area-averaged grid-scale and subgrid-scale
precipitation rates in the CTL and MOD experiments, which are 9.2 × 10−12 and 1.1 × 10−7,
respectively. Because of the increased convective precipitation rates in the NTDK and MOD
experiments, the total precipitation, which is the sum of the two types of precipitation, is
similar in magnitude in all three experiments, except that the rate in the NTDK experiment
shows more variability over time. The p-value of the total precipitation rate for the CTL and
NTDK experiments is 0.56, and the one for the CTL and MOD experiments is 0.83, indicating
that the differences in the total precipitation rate are not statistically significant. It is also
notable that the total precipitation rates in the late forecast period in all three experiments
are larger than the TMPA precipitation rate (Figure 8c).
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Figure 8. Time series of the six-hourly (a) grid-scale, (b) convective, and (c) total precipitation rates
averaged over the selected domain (100° E–160° W, 0–50° N) from the CTL (black dashed), NTDK
(blue dotted), and MOD (red solid) experiments. The dotted gray line in (c) shows the averaged
TMPA precipitation rate.

3.3. Impact of Convection Scheme Modification: Medium-Range Forecast Experiments

The impact of the modified entrainment and detrainment rates in the MOD experiment
is investigated by also performing twenty 10-day forecast experiments, and the individual
and averaged results are presented in Figure 9. The averaged fraction of grid columns
containing updrafts stronger than 0.5 m s−1 does not increase in the MOD-COARSE
experiments, while the averaged fraction in the CTL-COARSE experiments increases with
time as in the single-case CTL experiment (Figure 3). The individual fractions in the CTL-
COARSE experiments also exhibit a temporally increasing trend. The averaged grid-scale
precipitation rate increases with time in the CTL-COARSE experiments, but the increasing
trend is less distinct in the MOD-COARSE experiments. The p-value for the averaged
grid-scale precipitation rate in the CTL-COARSE and MOD-COARSE experiments is almost
zero, illustrating that their difference is statistically significant. This confirms that grid-
point storms are well suppressed by the modification of the KSAS scheme in the coarse-
resolution forecast experiments. As in the single-case experiments (Figure 8c), the averaged
total precipitation rates in the two experiment sets are quite similar in magnitude (1.48
and 1.45 mm 6 h−1) due to the increased convective precipitation in the MOD-COARSE
experiments (Figure 9c).

CTL-COARSE
MOD-COARSE

Figure 9. Time series of (a) the fraction of grid columns where the maximum vertical velocity is larger
than 0.5 m s−1, (b) the six-hourly grid-scale precipitation rate, and (c) the six-hourly total precipitation
rate averaged over the selected domain (100° E–160° W, 0–50° N) from the CTL-COARSE (black)
and MOD-COARSE (brown) experiments. Thin and thick lines indicate individual and averaged
results, respectively.
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The precipitation forecast fields averaged over the 3-day forecast period during 1–20
July 2017 in the CTL-COARSE experiments and the fields of precipitation rate difference
are plotted in Figure 10. The distribution of precipitation in the intertropical convergence
zone and along the extratropical storm tracks is well simulated in the CTL-COARSE exper-
iments (Figure 10a,b), but the precipitation over the Indian Ocean and Maritime Continent
is underestimated when compared with the TMPA observations (Figure 10c). While the
precipitation over the Bay of Bengal and Philippine Sea increases, the precipitation over
the Maritime Continent decreases in both the NTDK-COARSE and MOD-COARSE experi-
ments, resulting a larger mean bias there. It is also notable that the new Tiedtke scheme
induces less precipitation over the Pacific Ocean, Atlantic Ocean, and Indian Ocean north of
30° S than CTL-COARSE experiments (Figure 10d). On the other hand, the MOD-COARSE
experiments tend to produce more precipitation over the western Atlantic Ocean and
northern Indian Ocean as well as western tropical Pacific Ocean than the CTL-COARSE
experiments (Figure 10e).

Figure 10. Global distribution of the precipitation rate (mm day−1) from the (a) TMPA observations
and (b) CTL-COARSE experiments averaged over the 3-day forecast period during 1–20 July 2017
and the precipitation rate differences between the (c) CTL-COARSE and TMPA, (d) NTDK-COARSE
and CTL-COARSE experiments, and (e) MOD-COARSE and CTL-COARSE experiments.
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To check more on overall performance, the anomaly correlations of geopotential height
are analyzed (Figure 11). While there are little differences in the anomaly correlations of
geopotential height between the CTL-COARSE and NTDK-COARSE experiments in the
Northern and Southern extratropical regions (not shown), the anomaly correlations of
the NTDK-COARSE experiments in the tropical region (20° S–20° N) are much lower
than those of the CTL-COARSE experiments, especially at the 100- and 850-hPa levels
(Figure 11a–d). The anomaly correlations of the MOD-COARSE experiments in the tropics
are generally lower than those of the CTL-COARSE experiments in the early forecast period
and vice versa in the late forecast period. The differences in the anomaly correlations
of geopotential height between the CTL-COARSE and MOD-COARSE experiments are
smaller than the differences between the CTL-COARSE and NTDK-COARSE experiments
(Figure 11e–h). These complicated evaluation results highlight that the new Tiedtke scheme
nor the modified KSAS scheme guarantee a better performance when implemented in the
KIM although the two schemes can suppress the grid-point storms.

Figure 11. Anomaly correlation for forecasts of the (a) 100-, (b) 250-, (c) 500-, and (d) 850-hPa
geopotential height in the tropics (20° S–20° N) against the ERA5 analysis data during 1–20 July
2017 from the CTL-COARSE (blue) and NTDK-COARSE (red) experiments and the same anomaly
correlation from the CTL-COARSE (blue) and MOD-COARSE (red) experiments (e–h).

4. Summary and Concluding Remarks

The deep convection scheme in the KIM was tentatively modified to suppress grid-
point storms in the boreal summertime in the Western Pacific Ocean. Before the modifi-
cation, a 10-day control simulation and a five-day simulation starting from the five-day
control integration but with the new Tiedtke scheme (instead of the default KSAS scheme)
were conducted and compared with each other. The heating and drying tendencies in
the simulation with the new Tiedtke scheme are stronger than those in the control simu-
lation, and the generation of grid-point storms is suppressed. Thus, the entrainment and
detrainment rates in the KSAS scheme were reduced to have stronger heating and drying
tendencies, and the same summertime case was simulated using the modified scheme.
While one grid-point storm emerges around the TC Nesat before the end of the five-day
integration and strengthens with time in the control simulation, the grid-point storm weak-
ens and the grid-scale precipitation decreases in the simulation with the modified scheme.
The suppression of the grid-point storm with the modified scheme improves the track
forecast of the TC Nesat. Similar responses were found in the twenty coarse-resolution
forecast experiments, illustrating that the modification of the entrainment and detrainment
rates of the convection scheme could successfully suppress grid-point storms in the KIM.
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This study illustrated the possibility of suppressing unrealistic moist disturbances
by simply modifying the deep convection scheme. The modified KSAS scheme, however,
does not significantly improve overall performance (e.g., mean bias, anomaly correlation),
so more re-tuning is required. Furthermore, the impacts of the modification on other cases
(e.g., boreal wintertime cases and other TCs) and its impacts on other physical processes
need to be investigated to improve the stability and performance of the KIM. In addition
to modifying entrainment and detrainment rates, heating and drying tendencies can be
controlled by changing the convective adjustment time scale or the background cloud
work function. The tendencies can also be controlled by modifying the microphysical
parts in the cumulus convection schemes. For example, changing the amount of rain
evaporation can affect convective instability and precipitation, and this requires more study
for further improvements. Note that this kind of modification can suppress unrealistic
grid-point storms but does not guarantee a better performance (e.g., higher skill scores).
Thus, an extensive evaluation should be done along with careful modifications to improve
a numerical forecasting model.
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