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ABSTRACT: The objective of this study is to introduce a novel approach of applying cumulus parameterization schemes
(CPSs) in regional climate models. In this approach, two CPSs are running at alternate time steps during time integration.
The two common CPSs of Emanuel and Anthes-Kuo have been examined. The results presented suggest that this dual-
scheme approach may enhance the performance of the model in simulating the Asian summer monsoon over East Asia, in
comparison with the corresponding results by using any single CPS. This empirical study suggests that the dual-scheme
approach can be considered as a potential alternative to the common ensemble approaches in short-term climate simulation
or prediction. Copyright © 2009 Royal Meteorological Society
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1. Introduction

To simulate the climate, one fundamental task of a
climate model is to compute the flow field by solving
a set of governing equations. Once the dynamic field
is computed, the relevant physical processes will be
treated, which are usually implemented by using some
physical parameterization schemes. One very important
and probably still uncertain physical parameterization
in climate modelling is cumulus parameterization. If
the flow field is favourable for convection to occur,
the cumulus parameterization scheme (CPS) will try to
parameterize the process and adjust the atmosphere to
a quasi-equilibrium state. The adjustment will change
the vertical profiles of temperature and moisture, and
subsequently a change in the flow field, which in turn will
determine the occurrence of convection. Such a two-way
interaction between the flow field and convection implies
that if the location and intensity of the convection cannot
be properly parameterized, the accuracy of the calculated
flow field will be degraded as time evolves. In fact, it
has been shown in Hoskins and Rodwell (1995) that the
observed tropical circulation can be reproduced well by
using a prescribed column-integrated heating field in the
atmosphere.

Although cumulus parameterization is very important
to climate modelling, the physical process of cumulus
convection is still not well understood and there exist
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a number of different common CPSs for climate mod-
elling. Different CPSs may have different principles in
parameterization of cumulus convection (see the discus-
sion of Arakawa, 2004), and it is generally recognized
that no single CPS works well for all regions and for
all atmospheric systems. Tuning a particular CPS may
help improve the performance at certain geographical
locations and periods. However, convective precipitation
could be associated with different physical processes with
different scales and a particular CPS generally cannot
parameterize all convective processes of different initia-
tion mechanisms. For instance, convection processes in
the tropics could be substantially different from those in
the mid-latitude regions. This problem is particularly out-
standing in climate modelling, in which model domains
usually cover a huge area (global or continental scale).
As an alternative to developing and tuning CPSs, some
ensemble approaches have been devised recently, particu-
larly for the purpose of seasonal climate prediction. Rep-
resentative examples are the super-ensemble approaches
of Krishnamurti ef al. (2000a, 2000b) and Krishnamurti
and Sanjay (2003), in which results are obtained from the
ensemble of multiple models with multiple CPSs, or the
ensemble of multiple CPSs by a single model. In these
approaches, equal weight or different weights at differ-
ent regions are applied to make the ensemble. Ensemble
approaches have the advantage that they can combine
the strengths of different CPSs in simulating convective
precipitation of different natures. It can be anticipated
that a better precipitation field can be obtained by these
approaches. However, in these approaches the time evo-
lution of the flow field is basically not improved because



288

e
oM

26H

158

7]

ME ML OME B 90D 95 E WME MOE NS 1ML 1350 1300 138 IHE

Figure 1. Domain of the regional climate model with the buffer zone
excluded. The contours show the topography at 500 m interval and
the shaded region depicts the region of the Tibetan Plateau with
topography over 4500 m. Also shown are the names of some regions
mentioned in this study. This figure is available in colour online at
wileyonlinelibrary.com/journal/met

the better heating or temperature field associated with the
better precipitation field is not fed back to the flow field
during the time integration. This may not add an extra

(@)

40N

35N
30N 1000
800
25N
700

20N 600

15N 500

400
10N
300

5N 200
EQ

58

70E 75E BOE BSE 90E 95E 100E 105E 110E 115E 120E 125E 130E 135E 140E

K.-C. CHOW AND J. C. L. CHAN

bonus to the overall performance of seasonal forecasting
by the models.

Recently, Grell and Devenyi (2002) introduced a new
approach in applying CPS. In their work, they devised
an ensemble method to include different closures for the
Grell CPS (Grell, 1993) at the time step when the CPS
is called. In particular, different parameterizations of the
cloud base mass flux used in various atmospheric models
have been considered in their ensemble method (called
dynamic control). Their scheme has the advantage that
multi-model or model-scheme integrations as discussed
previously are not required. Nevertheless, their parame-
terization framework is mainly based on the Grell CPS,
and so in principal focuses on the kind of convection
initiated due to instability.

The purpose of this study is to introduce a dual-scheme
approach of cumulus parameterization for climate mod-
elling. In this approach two different CPSs are used
at alternate time step during the time integration. The
two CPSs parameterize the cumulus process based on
different principles (e.g. due to instabilities or mois-
ture convergence): in other words, they have different
strengths in cumulus parameterization. The motivation
of this approach is based on the basic realization that
if convective precipitation or convections can be better
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Figure 2. Mean total precipitation (mm) in June averaged for the five years 1998—-2002. (a) TRMM data. (b) EXP_MIT_KUO. (c) EXP_KUO.
(d) EXP_MIT. This figure is available in colour online at wileyonlinelibrary.com/journal/met
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parameterized within the model domain at every time
step, a better evolution of the flow field can be obtained.
The improved flow field may in turn results in a better
field of convections. This approach also has an advantage
that no additional computing power is required compared
with ensemble approaches.

The two CPS used in this dual-scheme approach
are the Anthes-Kuo scheme (Anthes et al., 1987; KUO
Scheme hereafter) and the MIT or Emanuel scheme
(Emanuel, 1991; Emanuel and Zivkovic-Rothman, 1999;
MIT scheme hereafter). The basic principle of the
KUO scheme is to parameterize cumulus precipitation
based on vertically integrated moisture convergence,
while the MIT scheme parameterizes cumulus precip-
itation based on atmospheric instability in the vertical
layers.

In this study, this dual-scheme approach is tested on a
regional climate model (RCM) for simulating the Asian
summer monsoon (ASM). The ASM affects a very large
region in Asia during summer and brings plenty of
rainfall to many Asian regions (Ding, 2004). In different
regions and periods the precipitation associated with the
ASM may have different initiation mechanisms, and may
also have different scales of convection processes, which
perhaps make the simulation of the ASM difficult. In
this study the focus is on the simulation of the ASM
in May and June. This is the period when the ASM
first develops over the South China Sea (in May), and
subsequently moves northward in June with a synoptic-
scale Meiyu rainband well developed over China and
Japan.

2. The numerical model and simulations

The RCM used in this study is RegCM3, developed
at the Abdus Salam International Centre for Theoreti-
cal Physics and the US National Center for Atmospheric
Research (Giorgi et al., 1993a, 1993b). The basic con-
figuration of the RCM is similar to that used in Chow
et al. (2006) with 18 vertical levels and a 60 km horizon-
tal resolution. The span of the model domain, excluding
the buffer zone for the lateral boundary conditions, is
shown in Figure 1. The two CPSs used in the simu-
lations are the KUO and MIT schemes. The modified
version of the MIT scheme as described in Chow et al.
(2006) is used in this study, in which some convec-
tion suppression criteria have been applied to reduce
the substantial over-estimated precipitation over oceanic
regions. The large-scale precipitation scheme described
in Pal et al. (2000) is implemented in the RegCM3 to
handle non-convective clouds and precipitation resolved
by the model. The initial and lateral boundary condi-
tions of the atmosphere are from the ECMWF ERA40
reanalyses, and the sea-surface temperature (SST) data
are the Optimum Interpolation SST V2 weekly mean
data obtained from the Climate Diagnostics Center of
NOAA.

Three numerical experiments with the same configura-
tion except CPSs have been performed by the RCM,

Copyright © 2009 Royal Meteorological Society
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Figure 3. As in Figure 2 but for the convective precipitation of

the three experiments in June. (a) EXP-MIT_KUO. (b) EXP_KUO.

(c) EXP_MIT. This figure is available in colour online at
wileyonlinelibrary.com/journal/met

e EXP_KUO - only KUO scheme is used;

e EXP_MIT - only MIT scheme is used;

e EXP_MIT_KUO — MIT and KUO schemes are used at
alternate time steps.

The results of the experiments are evaluated using
the precipitation data of the Tropical Rainfall Mea-
suring Mission (TRMM), obtained from NASA. The
data set 3B42 version 6 of TRMM has been used in

Meteorol. Appl. 17: 287-297 (2010)
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Figure 4. Mean 850-hPa geopotential height (m) in June averaged for the five years 1998-2002. (a) ERA40 data. (b) EXP_MIT_KUO.
(c) EXP_KUO. (d) EXP_MIT. Contour interval is 5 mm.

this study, which has a 0.25° latitude x 0.25° longi-
tude resolution. Considering that the availability of the
TRMM data is from 1998 to present and the ERA40
data for the lateral boundary conditions is available
up to 2002, the years 1998-2002 were chosen for the
RCM experiments. In each experiment, the integration
is from 1 April to 30 June and the 5 year climatology
is obtained from the arithmetic mean of the results for
these 5 years. The month of April is considered as the
spin-up time for the RCM and the results will not be
used.

3. Simulation results

The 5 year mean total precipitation fields in June sim-
ulated by the three experiments are compared with
those of the TRMM data (Figure 2(a)). In general,
EXP_KUO tends to underestimate the total precipita-
tion over the East Asia region (Figure 2(c)), particularly
over the major precipitation zones of Southern China
(SC) and the Yangtze River region (YR; Figure 1). In
addition, the total precipitation of the Meiyu rainband

Copyright © 2009 Royal Meteorological Society

near Japan is also significantly underestimated. Nev-
ertheless, it appears that the KUO scheme can simu-
late well the quantity and pattern of the precipitation
associated with the Indian summer monsoon over the
western coast of India and the eastern Bay of Bengal
(BOB).

EXP_MIT (Figure 2(d)) tends to overestimate the total
precipitation over most of the ASM region, particularly
over the oceanic region as indicated in Chow et al.
(2006). The regions with significant overestimated pre-
cipitation include the BOB and the western Arabian
Sea near the western coast of India. In addition, the
shape of the Meiyu rainband is not clearly simulated in
EXP_MIT.

The dual-scheme approach of EXP_-MIT_KUO
(Figure 2(b)) shows a much better improvement in sim-
ulating the total precipitation field in terms of quan-
tity and pattern. The performance of EXP_MIT_KUO
is particularly good over East Asia. For example, the
distinct precipitation zones such as those over SC, the
YR and the Meiyu rainband are clearly simulated as
in EXP_KUO with better quantity. The simulated pre-
cipitation over the oceanic region is also improved

Meteorol. Appl. 17: 287-297 (2010)
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Figure 5. As in Figure 4 but for geopotential height at 200 hPa. (a) ERA40 data. (b) EXP-MIT_KUO. (c¢) EXP_KUO. (d) EXP_MIT.

in EXP_MIT_KUO. Unlike those underestimated in
EXP_KUO and overestimated in EXP_MIT, the simu-
lated precipitation over the northern SCS and the North-
western Pacific ocean in EXP_MIT_KUO are closer to
those in TRMM (cf. Figure 2(a) and (b)). The simulated
precipitation band over the equatorial region between
70 and 100°E is also improved in EXP_MIT_KUO.
Despite these significant improvements, the precipitation
fields of EXP_MIT_KUO over the BOB and the west-
ern Arabian Sea near India are still overestimated as in
EXP_MIT.

To see how the CPSs perform in the three experiments,
it is better to examine the simulated monthly mean
convective precipitation. This is the part of precipitation
simulated by the CPSs and is equal to the difference
between the total precipitation and the precipitation
simulated by the large-scale precipitation scheme.

The convective precipitation field in EXP_KUO
(Figure 3(b)) is very similar to that of the total pre-
cipitation (Figure 2(c)), showing that the precipitation
contributed by the large-scale precipitation scheme is
small. This is reasonable because the basic principle of
the KUO scheme is to parameterize the precipitation due
to large-scale moisture convergence. The large-scale pre-
cipitation scheme plays a similar role in the RCM and

Copyright © 2009 Royal Meteorological Society

so its effect is small in EXP_KUO. The situation in
EXP_MIT is different from that of EXP_KUO in which
the precipitation over the YR and the Meiyu rainband are
mainly contributed by the large-scale precipitation (cf.
Figures 2(d) and 3(c)). This is because these precipita-
tions are mainly due to large-scale moisture convergence,
but the MIT scheme mainly deals with the precipita-
tion associated with the instabilities of the atmosphere.
The convective precipitation field simulated by the dual-
scheme approach (Figure 3(a)) shows a mixture of the
KUO and MIT schemes. It is important to note that the
convective precipitation field in EXP_MIT_KUO is not
simply the average of those in EXP_KUO and EXP_MIT.
For instance, the values of the convective precipitation in
some regions such as the Meiyu rainband and southern
China are larger than that of EXP_KUO and EXP_MIT.
In addition, the precipitation over some oceanic regions
such as those over the western BOB and the equatorial
region in EXP_MIT_KUO are not significantly less than
those in EXP_MIT.

The simulated 5 year mean 850 hPa geopotential
height fields in June are compared with those from
the ERA40 data (Figure 4(a)). The 850 hPa geopotential
heights are generally higher in EXP_KUO over the model
domain (cf. Figure 4(a) and (c)). On the other hand the

Meteorol. Appl. 17: 287-297 (2010)
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Figure 6. Five-year (1998-2002) mean and variation of total precipitation (mm) in June averaged over various regions. (a) South China

(108-118°E, 20-27°N). (b) Yangtze River region (110-120°E, 28-33°N). (c) Japan (125-140 °E, 25-35°N). (d) South China Sea (110—120°E,

10-20°N). (e) Indochina Peninsula (95-110°E, 10-20°N). (d) India Peninsula (70-80 °E, 10-20°N). ©*—° TRMM *~ —* KUO “° MIT *~ *
MIT+KUO.

850 hPa geopotential height field simulated in EXP_MIT
(Figure 4(d)) is closer to that of the ERA40 data in
terms of magnitudes and pattern. The 850 hPa geopoten-
tial height field in EXP_MIT_KUO (Figure 4(b)) is very
similar to that of EXP_MIT, but with the magnitudes and
pattern even closer to that of the ERA40 data. The KUO
scheme has been criticized for excluding shallow clouds
or shallow convections (e.g. Raymond and Emanuel,
1993), and so the KUO scheme is recommended to be

Copyright © 2009 Royal Meteorological Society

used together with another scheme for shallow clouds
(Arakawa, 2004). In the dual-scheme approach, shal-
low convections, in principle, are better resolved by the
MIT scheme and it might explain the better 850 hPa
geopotential height field simulated in EXP_MIT_KUO.
The corresponding mean geopotential height fields at
200 hPa simulated in the three experiments (Figure 5)
show similar characteristics as those at 850 hPa. Com-
pared with the other two experiments, the KUO scheme

Meteorol. Appl. 17: 287-297 (2010)
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Figure 7. As in Figure 2 but for the year 1998. (a) TRMM data. (b) EXP_MIT_KUO. (c) EXP_KUO. (d) EXP_MIT. This figure is available in
colour online at wileyonlinelibrary.com/journal/met

does not reproduce well the upper tropospheric geopo-
tential height of the ERA40 data (cf. Figure 5(a) and
(c)). The values are generally smaller over the model
domain, reflecting that the temperature of the atmo-
sphere in EXP_KUO is generally cooler (figures not
shown). The 200 hPa geopotential height fields simu-
lated in EXP_MIT_KUO and EXP_MIT (Figures 5(b)
and (d)) are very similar in magnitude and pattern.
Nevertheless, the maximum value in the ERA40 data
(Figure 5(a)) is still slightly underestimated in both
experiments.

It has been shown that the dual-scheme approach
of EXP_MIT_KUO is good at simulating the 5-year
mean precipitation in June over the East Asia. The
performance of this approach in individual years over
different regions is also worth examining. Figure 6
shows the monthly-mean precipitation in June aver-
aged over the regions SC (108-118°E, 20-27°N), YR
(110-120°E, 28-33°N), Japan (125-140°E, 25-35°N),
SCS (110-120°E, 10-20°N), Indochina Peninsula
(95-110°E, 10-20°N) and India Peninsula (70-80°E,
10-20°N) for 1998-2001. Compared with the other
two experiments, it appears that EXP_MIT_KUO can
capture well the 5 year mean and interannual varia-
tions of the rainfall over the SCS (Figure 6(d)) and

Copyright © 2009 Royal Meteorological Society

the Meiyu over Japan (Figure 6(c)). Although not as
good as that over SCS and Japan, the interannual vari-
ation of rainfall over SC is still reasonably captured by
the dual-scheme approach (Figure 6(a)), except that the
substantially decrease in rainfall over SC in 1999 and
2000 is not well captured. The interannual variation of
rainfall over the YR cannot be captured by all three
experiments (Figure 6(b)), although the 5 year mean
rainfall is reasonably simulated in EXP_MIT_KUO and
EXP_MIT. The KUO scheme generally underestimates
the amount of rainfall in the five years over all regions
except the India Peninsula (Figure 6(f)). In fact, among
the three experiments, the 5 year mean rainfall over
the Indian Peninsula simulated by EXP_KUO is clos-
est to that of the TRMM data. The interannual varia-
tion of rainfall over the Indochina Peninsula is relatively
small (Figure 6(e)), and the 5 year mean rainfall simu-
lated in EXP_MIT_KUO is closest to that of the TRMM
data.

The performance of the dual-scheme approach can be
further examined from some case studies. The monthly
mean precipitation fields in June of 1998 and 2001 are
shown in Figures 7 and 8. Regarding the rainfall of the
summer monsoon over Eastern China and Japan (Meiyu),
the years 1998 and 2001 can be considered as wet

Meteorol. Appl. 17: 287-297 (2010)
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Figure 8. As in Figure 2 but for the year 2001. (a) TRMM data. (b) EXP_MIT_KUO. (c) EXP_KUO. (d) EXP_MIT. This figure is available in
colour online at wileyonlinelibrary.com/journal/met

and dry years, respectively. This classification can be
realized from the TRMM data (Figures 6(a) and (c)), as
is also consistent with the classification in some previous
studies (e.g. Liu ef al., 2006; Li and Ju, 2009). In June
1998, the anomalously large precipitation over the YR
led to a severe flood in the region (Chan et al., 2000;
Ding, 2004).

In the wet year 1998, all three experiments can sim-
ulate above-mean precipitation over Eastern China and
Japan (Figure 7). However, the distinct heavy precipi-
tation zone over the YR (Figure 7(a)) is not well cap-
tured in all the three experiments. Despite this deficiency,
the dual-scheme approach can simulate well the mag-
nitude and pattern of the Meiyu rainband near Japan
(Figure 7(b)). Similar to that of the 5 year mean, the pat-
terns of the Meiyu rainband and precipitation over East
Asia are not well simulated by EXP_MIT (Figure 7(d)).

In the dry year 2001, the below-mean precipitation
over Eastern China and Japan can also be captured by all
three experiments (Figure 8). However, the above-mean
precipitation over the SCS and equatorial Northwestern
Pacific Ocean (east of the Philippines) in this year can
only be captured by EXP_MIT_KUO and EXP_MIT

Copyright © 2009 Royal Meteorological Society

(Figures 8(b) and (d)). In fact, the performance of the
KUO scheme in simulating the summer monsoon precipi-
tation over SC and Eastern China for this year is generally
poor (Figure 8(c)).

So far only the monthly mean precipitation has been
discussed, and it is also important to see whether the time
evolution of the simulated precipitation can be improved
by using the dual-scheme approach. The performances
of the three experiments in simulating the evolution of
the ASM precipitation over SCS and Eastern China in
May and June of the wet year 1998 have been exam-
ined (Figure 9). In this period the onset of the ASM
occurred in late May over the SCS (so-called the SCS
summer monsoon) and subsequently moved northward
to the China mainland (Figure 9(a)). In EXP_KUO, while
the precipitation over the YR in June can be reasonably
simulated, the onset of the SCS summer monsoon in late
May cannot be properly simulated (cf. Figures 9(a) and
(c)). The situation in EXP_MIT is similar, although the
amount of precipitation is generally larger (Figure 9(d)).
The performance of EXP_MIT_KUO in simulating the
evolution of the ASM precipitation in 1998 (Figure 9(b))
is again better than that of EXP_KUO and EXP_MIT. The

Meteorol. Appl. 17: 287-297 (2010)
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120°E. (a) TRMM data. (b) EXP_MIT_KUO. (c) EXP_KUO. (d) EXP_MIT. This figure is available in colour online at wileyonlinelibrary.com/
journal/met

improvement is most significant in May, in which the
southward movement of the precipitation from the China
mainland to the SCS can be captured by EXP_MIT_KUO
(cf. Figure 9(a) and (b)) although the quantity of the pre-
cipitation is underestimated. In addition, the subsequent
northward shift of the precipitation from the SCS during
late May to early June can also be reasonably captured
by this dual-scheme approach.

The corresponding results in the dry year 2001
(Figure 10) show that the dual-scheme approach is again
better in simulating the evolution of the SCS summer
monsoon in May and June. In particular, the southward
evolution of the precipitation over SCS (about 15°N)
around 23 May (Figure 10(a)) can only be captured
by EXP_MIT_KUO (Figure 10(b)). This precipitation is
basically associated with the onset of the SCS summer
monsoon. In general, the precipitation over SCS in May
2001 is underestimated in both EXP_KUO and EXP_MIT
(Figure 10(c) and (d)).

4. Discussion

The basic principle of the MIT scheme is to parame-
terize convections due to instabilities of the atmosphere.
However, precipitation associated with large-scale
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moisture convergence is poorly resolved by this scheme
and this task is basically done by the large-scale pre-
cipitation scheme. Basically, the large-scale precipitation
scheme is to parameterize precipitation due to conden-
sational processes at the grid points. For precipitation
associated with large-scale moisture convergence, as in
the case of the Meiyu rainband, the performance of the
large-scale precipitation scheme is generally not good
as shown in this study. Some model simulations (e.g.
Huang ef al., 2001; Lee et al., 2005) suggest that the
KUO scheme is good at simulating the Meiyu precipi-
tation of the ASM which is basically due to large-scale
moisture convergence. The results of this study suggest
that the role played by the KUO scheme is similar to
that of the large-scale precipitation scheme in simulating
the ASM, but has a better performance. To interpret the
dual-scheme approach, one may consider that the MIT
scheme is the main CPS that resolves the precipitation
based on the related microphysics and instabilities of the
atmosphere, while the KUO scheme is to parameterize
the precipitation due to large-scale moisture convergence
(just like calling the large-scale precipitation scheme).
The empirical results of this study suggest that
the use of the dual-cumulus scheme approach may
significantly improve the performance of the RCM in
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Figure 10. As in Figure 9 but for the year 2001. (a) TRMM data. (b) EXP-MIT_KUO. (c¢) EXP_KUO. (d) EXP_MIT. This figure is available in
colour online at wileyonlinelibrary.com/journal/met

simulating the ASM precipitation and dynamic field dur-
ing the Meiyu period in June, compared with the corre-
sponding results by using the single CPSs of MIT and
KUO. The resulting precipitation and dynamic fields are
not simply the arithmetic means of the results by the two
single-cumulus-scheme simulations, showing that this is
not a linear combination of the two CPSs and convection
and flow field are interrelated as discussed in Section 1.
Since the ASM involves multiple scales of dynamics and
physical processes (e.g. convection), the present results
suggest that using a single CPS or physical parameteri-
zation (which usually developed for a particular scale or
small range of scales) may be not enough to simulate the
ASM realistically.

The better performance of this dual-scheme approach
in simulating the ASM over East Asia is possibly related
to the better heating field simulated by the RCM. At each
time step during the time integration, when a CPS (e.g.
KUO) is called, the condition of the atmospheric column
at each horizontal grid point will be checked whether it is
favourable for convection to occur based on the principle
of that CPS (e.g. moisture convergence for KUO), and
condensational heating will be evaluated if there is
cumulus precipitation. The resulting vertical profile of
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heating will then used by the tendency equations of the
RCM dynamic core to calculate the associated change
in the flow field at the same time step. In the next
time step, similar procedures repeat but with another
CPS (e.g. MIT). At the grid points where condensational
heating is generated by the two different CPSs at the
two time steps, the effective heating can be simply
considered as the averaged heating over this two-time-
step period. The averaged flow field in this period should
be dynamically consistent with this effective heating.
By advection, the averaged flow field will change the
distribution of some thermodynamic variables such as
moisture and temperature, which in turn will affect the
generation of condensational heating in the subsequent
time steps. Therefore, the dual-scheme approach can
be considered as making ensembles of the flow and
heating fields for the two-time-step period and they are
interrelated. It can be anticipated that if convections can
be better parameterized within the model domain at every
two time steps, a better evolution of the flow field can be
simulated by the RCM.

It is worth mentioning that the main objective of
this short study is to discuss and suggest an alternative
idea of applying CPSs in climate models. The results
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presented here are indeed empirical and preliminary.
For instance, although only two CPSs, KUO and MIT,
have been tested for the dual-scheme approach in this
study, it is possible that other combinations of CPS may
also improve the performance of the RCM for different
regions and periods. In addition, when implementing
the dual-scheme approach, the CPSs can also be shifted
every few time steps instead of at alternate time step.
Therefore, to apply this idea in climate modelling some
additional experimental work is needed to optimize the
performance of this approach on the specific climate
model. Finally, it is likely that this dual-scheme approach
can be extended to use more than two CPSs with different
basic principles. In this case, the dual-scheme or multiple-
scheme approach is to a certain degree analogous to the
existing ensemble approaches in seasonal forecasting.
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