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ABSTRACT

A  double-plume  convective  parameterization  scheme  is  revised  to  improve  the  precipitation  simulation  of  a  global
model (Global-to-Regional Integrated Forecast System; GRIST). The improvement is achieved by considering the effects
of  large-scale  dynamic  processes  on  the  trigger  of  deep  convection.  The  closure,  based  on  dynamic  CAPE,  is  improved
accordingly to allow other processes to consume CAPE under the more restricted convective trigger condition. The revised
convective parameterization is evaluated with a variable-resolution model setup (110–35 km, refined over East Asia). The
Atmospheric Model Intercomparison Project (AMIP) simulations demonstrate that the revised convective parameterization
substantially delays the daytime precipitation peaks over most land areas, leading to an improved simulated diurnal cycle,
evidenced by delayed and less frequent afternoon precipitation. Meanwhile, changes to the threshold of the trigger function
yield a small impact on the diurnal amplitude of precipitation because of the consistent setting of dCAPE-based trigger and
closure. The simulated mean precipitation remains reasonable, with some improvements evident along the southern slopes
of the Tibetan Plateau. The revised scheme increases convective precipitation at the lower levels of the windward slope and
reduces the large-scale precipitation over the upper slope, ultimately shifting the rainfall peak southward, which is in better
agreement with the observations.
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Article Highlights:

•  A double-plume convective parameterization is improved by adding the effects of large-scale dynamic processes on the
trigger of deep convection.

•  The revised trigger and closure of convection substantially improve the diurnal phase of precipitation and yield a small
impact on the diurnal amplitude.

 

 
 

 1.    Introduction

Precipitation over East Asia helps to feed about one-quar-
ter of the world’s population. Thus, accurately predicting pre-
cipitation  is  crucial  in  helping  to  manage  water  resources
and  protecting  socioeconomic  interests  and  human  life
against  precipitation-related  natural  hazards  such  as  floods

and droughts. As a powerful tool for climate modeling, con-
temporary  general  circulation  (global  climate)  models
(GCMs) generally cannot well simulate precipitation charac-
teristics  in  terms  of  their  frequency,  intensity,  and  diurnal
cycle  (Flato  et  al.,  2013; Eyring  et  al.,  2021).  Specifically,
for  precipitation  over  East  Asia  that  is  strongly  influenced
by the sharp land-sea thermal contrast and the complex terrain
around the Tibetan Plateau, the problems of GCMs in repro-
ducing its spatial pattern and temporal evolution have been
widely reported (Li et al., 2015; Zhang and Chen, 2016; Lin
et al., 2019; Xin et al., 2020). For instance, the wet biases of
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summer  rainfall  at  the  southern  and  eastern  edges  of  the
Tibetan Plateau are commonly found in current GCMs (Yu
et  al.,  2015; Zhang and Chen,  2016; Lin  et  al.,  2018).  The
summer  rainbands  associated  with  the  monsoon  systems,
which comprise significant variability at various spatial and
temporal  scales,  are  also  a  challenge  for  GCMs (Ding  and
Chan, 2005; Yu et al., 2007; Huang et al., 2013; Xin et al.,
2020).

An important reason for the inadequate precipitation sim-
ulation lies in the parameterizations of hydrological processes
and  their  interactions  with  large-scale  dynamic  processes.
For instance, many GCMs cannot well simulate the diurnal
variation of summertime rainfall, showing diurnal phases of
~3 to 4 h earlier over land; furthermore, they are unable to
capture  the  nocturnal  peaks  even  with  finer  resolutions
(Covey et al. 2016; Tang et al., 2021). Earlier studies high-
lighted that the failure in simulating the diurnal cycle of pre-
cipitation could be largely attributed to the parameterized con-
vection, especially those triggered based on the Convective
Available Potential Energy (CAPE). The parameterized con-
vection was too tightly coupled to the low-level thermody-
namic  properties  controlled  by  solar  insolation,  triggering
moist  convection  too  early  and  too  frequently  during  the
day (Xie and Zhang, 2000; Yuan et al.,  2013; Muetzelfeldt
et  al.,  2021).  Many efforts  have been made to improve the
diurnal cycle of precipitation, e.g., adding constraints associ-
ated  with  large-scale  dynamical  processes  (e.g.,  low-level
moisture convergence) to the convective trigger in an effort
to  relax  the  strong  coupling  between  convection  and  the
solar diurnal cycle (Bechtold et al., 2004; Kain, 2004; Wu et
al., 2019; Xie et al., 2019).

The  Global-to-Regional  Integrated  Forecast  System
(GRIST) is a unified system for global weather and climate
modeling  (Wang  et  al.,  2019; Zhang  et  al.,  2019, 2020,
2021, 2022; Li et al., 2020, 2022; Liu et al., 2020; Zhou et
al.,  2020; Li  and Zhang,  2022).  Currently,  GRIST has  two
major working modes for climate and weather modeling. In
climate  mode,  a  modified  physics  suite,  originally  taken
from  the  Community  Atmosphere  Model,  version  5.3
(CAM5.3), was established and evaluated, with its convective
parameterization replaced by a double-plume scheme (Li et
al., 2022). In contrast to the separate representation of deep
and shallow convection in CAM5 (Park et al., 2014), the dou-
ble-plume  scheme  adopts  a  quasi-unified  representation  of
shallow  and  deep  convection  within  a  single  framework
(Chu et al., 2022). This model was evaluated with a uniform
resolution configuration (120 km) and was further subjected
to  a  Variable-Resolution  (VR)  simulation  with  refinement
over East Asia (110–35 km). Results demonstrated that the
double-plume scheme reduced the biases of mean precipita-
tion over the Indian Ocean and improved the representation
of tropical variability. However, the premature peak of simu-
lated precipitation over land, which occurs too early during
the day, reveals its deficiency in capturing the diurnal cycle
of rainfall. In the VR configuration, the wet biases of summer
rainfall over the West Pacific and East Asia are reduced due
to the refined grid spacing and terrain, but the inadequate diur-

nal  cycle  of  precipitation  persists  across  both  the  coarse-
and fine-resolution versions of the model (Appendix A).

Xie and Zhang (2000) and Zhang (2002) proposed a con-
vective  quasi-equilibrium assumption  that  links  convection
to the dynamic CAPE generation rate by large-scale processes
(referred to as dCAPE). In-depth analysis based on a single-
column model test reveals high skill of dCAPE trigger regard-
ing  the  ability  to  capture  various  convective  systems  over
the  Amazon  region  (Song  and  Zhang,  2017).  Xie  et  al.
(2019) applied the dCAPE trigger to the Zhang–McFarlane
convective  parameterization  (Zhang  and  McFarlane,  1995)
and also allowed moist convection to trigger below 600 hPa
instead  of  in  the  planetary  boundary  layer  (PBL).  They
showed considerable improvements in simulating the diurnal
phase of precipitation at a 1° resolution, especially in captur-
ing the eastward propagating signal over the United States.
However,  the diurnal amplitude of precipitation was weak-
ened since the time for CAPE to reach its maximum during
the  day  (i.e.,  CAPE-based  closure)  was  often  mismatched
with the dCAPE trigger constrained by large-scale dynamic
processes (Cui et al., 2021).

Motivated by Cui et al. (2021) and Xie et al. (2019), the
effect of large-scale dynamic processes is added to the trigger
of double-plume convection to improve the diurnal cycle of
precipitation for GRIST. The closure is improved accordingly
to avoid the potential reduction of the diurnal amplitude of
precipitation. This study shows that the diurnal phase of pre-
cipitation  is  improved  by  considering  the  effect  of  large-
scale  dynamic  processes  on  the  initiation  of  deep  convec-
tion. Meanwhile, changes in the threshold of the trigger func-
tion show a small impact on the diurnal amplitude of precipi-
tation because of the consistent setting of the dCAPE-based
trigger and closure.

The remainder of this paper is organized as follows. Sec-
tion  2  briefly  reviews  the  GRIST  model  and  provides
detailed information about the revision in the double-plume
scheme. The experimental design and reference datasets are
also given in section 2. Section 3 presents the evaluation of
the  simulated  precipitation  using  the  revised  convective
parameterization.  Section  4  gives  a  summary  and  an  addi-
tional discussion.

 2.    Model and experiment

 2.1.    Model description

The dynamical core of GRIST solves the primitive equa-
tions  but  has  an  option  to  restore  the  vertical  acceleration
term for nonhydrostatic modeling (Zhang et al., 2019, 2020).
This layer-averaged, dry-mass, unstructured-mesh dynamical
core  allows  both  uniform-resolution  and  VR  modeling
within a unified global framework (Zhang et al., 2019; Zhou
et al., 2020). It conserves a dry air mass to within machine
accuracy and conserves the “total energy” within a magnitude
that is suitable for global climate modeling.

The physics-dynamics coupling of GRIST supports the
application  of  multiple  physics  suites  (Zhang  et  al.,  2020).
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In this study, the hydrostatic core is coupled with a physics
suite that was originally taken from CAM5.3. A pure opera-
tor-splitting approach is used for the physics-dynamics cou-
pling  (Li  et  al.,  2022).  It  inherits  several  CAM5-derived
parameterization schemes, including the UW moist PBL tur-
bulence  scheme  (Bretherton  and  Park,  2009),  the
Morrison–Gettelman  microphysics  and  Park  macrophysics
parameterizations (Gettelman et al., 2010; Park et al., 2014),
and  the  RRTMG  (Rapid  Radiative  Transfer  Model  for
GCMs, Iacono et al., 2008). The convective parameterization
uses  a  double-plume  scheme  (Chu  et  al.,  2022; Li  et  al.,
2022), with revisions in the trigger and closure of deep con-
vection  described  in  the  next  section.  At  the  surface,  the
Noah-MP land model (Niu et al., 2011) is used. The fluxes
over the ocean and sea ice use the formulation from CAM3
(Collins et al., 2004).

 2.2.    The  revised  double-plume  convective
parameterization

The  default  double-plume  convective  parameterization
uses a pair of entraining/detraining plumes to describe deep
and  shallow  convection  independently.  The  plumes  share
the  same  buoyancy-sorting  bulk  mass  flux  cloud  function
but use different lateral mixing rates and trigger and closure
assumptions.  Entrainment occurs at  the lateral  boundary of
the plume by turbulent mixing. The lateral mixing rate is set
to  a  constant  value  of  3  km–1 for  shallow  convection.  For
deep convection, a mixing rate dependent on relative humid-
ity is applied to inhibit  deep convection in hostile environ-
ments (Chu et al., 2022). Detrainment includes the turbulent
mixing  at  the  lateral  boundary,  constrained  detrainment  at
the top of a plume, and the effect of anisotropy that occurs
at  the  level  where  the  buoyancy  starts  to  decrease  with
height. The precipitation formation and re-evaporation are cal-
culated following Park and Bretherton (2009) but using differ-
ent condensate threshold values (1 g kg−1 for deep convection
and 0.5 g kg−1 for shallow convection).

∂CAPE/∂t|L = ∂CAPE/∂t|cu

Shallow convection is triggered if the turbulent kinetic
energy  (TKE)  overcomes  the  convective  inhibition  (i.e.,  a
CIN-TKE trigger). The trigger of deep convection is further
determined  by  a  dynamic  CAPE production  similar  to  that
used in Wang and Randall (1994), i.e., deep convection is trig-
gered  when  CAPE  is  generated  at  the  previous  time  step,
and  sufficient  TKE  is  present  to  overcome  the  CIN.  The
CAPE  is  calculated  with  a  dilute  plume  approximation
(Neale  et  al.,  2008).  Accordingly,  a  closure  based  on  a
dynamic  CAPE  quasi-equilibrium  assumption  is  used  for
the deep plume, i.e., ,  assuming
that the CAPE generated by non-convective processes (L) is
balanced by the deep convective (cu) consumption (Zhang,
2002; Bechtold et al., 2014). The CAPE tendency due to con-
vection is approximated by the heating through compensating
environmental subsidence: 

∂CAPE
∂t

∣∣∣∣∣∣
cu
=

Mb

M∗b

∫ ztop

zbase

g

Tv

∂Tv
∂z
+

g
cp

M∗dz , (1)

Mb M∗b
M∗

M∗b Tv
cp

where  is  the  actual  cloud base  mass  flux,  is  a  pre-
scribed cloud base mass flux (set as 0.1 m2 s–1), and  is
the  initial  vertical  mass  flux  profile  obtained  from  the
updraft  computation  based  on ,  is  grid-scale  virtual
temperature, and  is the specific heat at constant pressure.
The cloud base mass flux is expressed as: 

Mb = M∗b

CAPE−CAPE′

∆t

∣∣∣∣∣∣
L∫ ztop

zbase

g

Tv

∂Tv
∂z
+

g
cp

M∗dz

, (2)

where  the  superscript ' denotes  the  atmospheric  state  after
the calculation of the deep plume at the previous time step
(regardless of whether it is triggered or not).

GRIST can produce an overall reasonable mean climate
of circulation, precipitation, and radiation budget using this
physics suite (Li et al., 2022). However, the peak of daytime
precipitation  occurs  too  early  over  land,  thus  revealing  its
deficiency in capturing the diurnal cycle of precipitation (cf.,
Fig. 8). We speculate that the initiation of deep convection
is overly coupled to the solar diurnal cycle if solar radiation,
surface heating, and PBL turbulence are considered to con-
tribute  to  the  onset  of  convection.  Following  Xie  et  al.
(2019), the trigger of deep convection can be revised so that
convection  occurs  only  when  the  large-scale  advection
makes a positive contribution to the existing positive CAPE
and  the  TKE  overcomes  the  CIN.  The  threshold  value  for
CAPE  production  by  the  dynamical  core  is  0  J  kg–1 h–1

(denoted as dCAPE0). Cui et al. (2021) investigated the sensi-
tivity  of  the  dCAPE trigger  to  its  threshold  value  (denoted
as  dCAPEN, N >  0  J  kg–1 h–1)  in  CAM5.  They  suggested
that the diurnal phase of rainfall over the land can be further
improved  by  setting  the  dCAPE  threshold  value  as
~55 J kg–1 h–1, at the expense of degraded mean precipitation
(especially  over  the  ocean)  and  a  reduction  in  the  diurnal
amplitude of  precipitation.  Considering that  the  purpose of
dCAPEN trigger  is  to  relax  the  overly  strong  coupling
between  deep  convection  and  surface  heating,  dCAPEN is
only used over the land in this  study to avoid the potential
degradation over the ocean.

CAPE’

CAPE′

CAPE′(n+1) = CAPE CAPE′

The key to improving the closure to avoid potential reduc-
tion of the diurnal amplitude of precipitation is to re-quantify
the  CAPE  production  by  the  non-convective  processes
under the more restricted trigger  condition,  i.e.,  whether  to
update  in Eq. (2) when deep convection does not trig-
ger. Here, we allow other physical processes, especially the
shallow convection, to consume CAPE, that is if the CAPE
at  the  current  (n)  time  step  is  less  than ,  then

 (Fig.  1).  Otherwise,  remains
unchanged,  which  means  that  the  generated  CAPE will  be
accumulated  and  consumed  by  deep  convection  once  the
revised dCAPE trigger is satisfied. It potentially allows the
model to capture the transition of convection from shallow
to deep, which is an important element for the diurnal cycle
of  precipitation  (Zhang  and  Klein,  2010; Rio  et  al.,  2019).
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The deep and shallow plumes are coupled in a parallel fashion
and share the same cloud function, thus favoring the transi-
tion.

 2.3.    Experiment design

A VR model configuration (110–35 km) is used in this
study, within which the highest resolution cells cover a part
of  continental  East  Asia  and  the  surrounding  islands  and
seas  (Fig.  2).  The  VR  configuration  is  chosen  to  examine
the  revised  convective  parameterization  for  two  reasons.
First,  earlier  modeling  tests  suggested  that  the  VR  model
reduces the wet biases of mean precipitation over the West
Pacific and East Asia. Thus, we may further explore improve-
ments  in  the  diurnal  cycle  of  precipitation  based  on  this
added value of higher resolution for mean precipitation. Sec-
ond, the VR setup provides a more challenging environment
as the modification in convective parameterization may intro-
duce  additional  sensitivities  to  the  transition  region  due  to
the continuous changes in mesh size.

A series of AMIP-type sensitivity simulations were con-
ducted  (Table  1).  The  simulations  were  initiated  in  May
2000 and continuously integrated for 5.5 years using the pre-
processed sea surface temperature and sea-ice concentration
data  (Taylor  et  al.,  2000).  The  model  output  for  2001–05
was used to assess its representation of mean state and precipi-
tation  variability.  The  vertical  resolution  consists  of  a  30-
full-level  Lorenz  grid  with  a  model  top  at  2.25  hPa.  The
model  (physical)  time  step  (dt)  was  set  to  300  s,  and  the
dynamical  core  is  sub-cycled  with  dt =  100  s  within  each
model  time  step.  The  simulation  using  the  default  trigger

and closure assumption of deep convection is referred to as
CTRL.  The  two  sensitivity  experiments,  dCAPE0  and
dCAPE60, use the revised dCAPE trigger and closure with
dCAPE threshold values set to 0 and 60 J kg–1 h–1,  respec-
tively.

The satellite-based observational and reanalysis precipita-
tion  datasets  used  in  this  study  include  the  products  from
the  Global  Precipitation  Climatology  Project  (GPCP,
1979–2010, Adler  et  al.,  2018)  and  the  monthly  mean
ERA5  reanalysis  (2001–20, Hersbach  et  al.,  2020).  These
datasets  evaluate  the global  mean precipitation and its  sea-
sonal  variation  and  the  30-min  Integrated  Multi-satellite
Retrievals  for  Global  Precipitation  Measurement  (GPM)
(IMERG,  2001–05, Huffman  et  al.,  2018),  as  well  as  the
hourly  ERA5  datasets  are  used  for  assessing  the  diurnal
cycle. Five sub-regions over China are chosen for further eval-
uation of the variability of precipitation at various temporal
scales  (Fig.  2,  black  boxes).  These  include  the  Tibetan
Plateau (28°–35°N, 103°–108°E), Western Plain (28°–35°N,
103–108°E), Southwest China (23°–27°N, 100°–105°E), East-
ern  Plain  (28°–35°N,  112°–120°E),  and  South  China  (23°
–27°N, 112°–118°E).

 3.    Results

 3.1.    Mean precipitation and seasonal variation

Figure  3 compares  the  annual  and  boreal  summer
(June–July–August)  mean  precipitation  from  the  observa-
tion/reanalysis and each model. The spatial correlations and
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Fig. 1. Diagram showing the default and modified trigger and closure assumptions for the deep convection. Dycore refers to
the  dynamical  core.  The  other  physics  processes  contain  the  sequentially  coupled  cloud  microphysics,  radiation  transfer,
surface model, and PBL turbulence schemes.
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root-mean-square errors between the simulations and GPCP
are given in the figure to quantify the model biases. The over-
all  annual  mean  precipitation  for  CTRL  resembles  GPCP
and  ERA5,  but  it  shows  wet  biases  over  the  South  Pacific
Convergence Zone (SPCZ) and around the Maritime Conti-
nent.  It  has  dry  biases  over  South  America  and  Southern
Great  Plains  of  the  United  States.  In  summer,  the  CTRL
model  overestimates  precipitation  over  the  Bay  of  Bengal,
the  Arabian Sea,  the  Maritime Continent,  and the  southern
slopes of the Tibetan Plateau. Dry biases are found over the
coastal areas of southeast China and the Sea of Japan.

The revised trigger and closure of deep convection pri-
marily has an impact on the tropical precipitation (Figs. 3g–
j). It reduces the wet biases over the Bay of Bengal, the Ara-
bian Sea, and the Maritime Continent (located in the transition
zone), and precipitation increases are found over the tropical
Africa and the Amazon basins. In addition, the dry biases in
summer  rainfall  over  South  China  and  the  “Philippines

hotspot” are reduced in the dCAPE0 and dCAPE60 models.
Varying  the  threshold  value  of  the  convective  trigger  does
not clearly impact the mean precipitation. The spatial pattern
illustrating the precipitation discrepancy between dCAPE60
and CTRL is consistent overall with that between dCAPE0
and  CTRL.  The  dCAPE0  model  has  slightly  lower  root-
mean-square errors and higher spatial correlation coefficient
than dCAPE60.

It is found that the CTRL model overestimates the sum-
mertime  rainfall  over  the  southern  slope  of  the  Tibetan
Plateau,  and  the  peak  location  is  more  northward  than
observed (Fig. 4a). This bias is more noticeable in the uniform
120  km  resolution  model  (Fig.  A1).  It  is  attributed  to  the
strong positive feedback between the large-scale condensa-
tion and the moisture convergence due to steep topography.
Zhang  and  Li  (2016)  indicated  that  moisture  convergence
plays  an  important  role  in  regulating  the  precipitation
amount  over  the  southern  slopes  of  the  Tibetan  Plateau.

Table 1.   Description of experiments.

Name Resolution Timestep Trigger of deep convection Closure of deep convection

CTRL 110–35 km,
refined over

East Asia

300 s

∂CAPE
∂t

∣∣∣∣∣
L
≈ CAPE−CAPE′

∆t

∣∣∣∣∣
L
> 0

(1) Sufficient TKE to overcome the CIN; (2)
CAPE is generated at the previous time step,

.

∂CAPE
∂t

∣∣∣∣∣∣
L
= −∂CAPE

∂t

∣∣∣∣∣∣
cu

, the dynamic CAPE is

built up by all the non-convective processes
at the previous step.

dCAPE0 110–35 km 300 s (1) Sufficient TKE to overcome the CIN; (2)
CAPE is generated by dynamical core at the
previous time step, i.e., dCAPE > 0 J kg–1 h–1.

The dynamic CAPE is represented by the net
CAPE generation during the period that deep
convection does not trigger.

dCAPE60 110–35 km 300 s Same as dCAPE0, but increasing the threshold
of CAPE production by dynamical core over
the land, i.e., dCAPE > 60 J kg–1 h–1.

Same as dCAPE0.

 

 

Fig. 2. Surface elevation over East Asia at 110–35 km resolution (units: m).
The gray contours show the grid scales in VR modeling. The five rectangles
correspond  to  the  selected  sub-regions  over  China  for  regional  analysis:
Tibetan  Plateau  (28°–35°N,  103°–108°E),  Western  Plain  (28°–35°N,  103°–
108°E), Southwest China (23°–27°N, 100°–105°E), Eastern Plain (28°–35°N,
112°–120°E), and South China (23°–27°N, 112°–118°E).
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Zhang et  al.  (2021)  highlighted the importance of  properly
representing the condensation-advection processes on reduc-
ing the artificial  rainfall  peaks for GRIST over this region.
In this model configuration, the wet bias in CTRL is partly
corrected  by  the  revised  convective  parameterization
because  of  its  impact  on  the  moisture  transport.  The
dCAPE0 and dCAPE60 models resemble the observed dou-
ble-peak  pattern  of  summer  rainfall  over  this  region;  how-
ever, the modeled coastal peak is ~3° further north than the
GPCP (Fig. 4a). They produce a greater amount of convective
precipitation  over  the  low  levels  of  the  windward  slopes
since the revised trigger of deep convection is linked to the
large-scale dynamical processes such as low-level moisture
convergence (Fig. 4b). The moisture transport process weak-

ens, leading to a notable reduction in large-scale precipitation
over the upper slope (Figs. 4d–f).

Figure  5 illustrates  the  zonally  averaged  precipitation
amount  and  the  convective-to-total  precipitation  ratio  from
the annual, summer, and winter (December–January–Febru-
ary,  DJF)  climatology.  The  zonally  averaged  annual  mean
total precipitation shows indiscernible changes, with the maxi-
mum in each model ~2 mm d–1 greater than that of GPCP.
Differences are found in the partitioning of convective and
large-scale  precipitation  among  different  configurations
(Figs.  5d–f).  The  convective-to-total  precipitation  ratio  in
the observation is estimated to be around 50% in the tropics
(Dai, 2006). The tropical and subtropical maximum convec-
tive precipitation fraction for GRIST is ~75% at 120 km reso-

 

 

Fig. 3. (a) The annual (ANN) mean and (b) June–July–August (JJA) mean GPCP precipitation (units: mm d–1). (c and d) The
difference between ERA5 and GPCP. (e and f) The bias of CTRL against GPCP and the differences between the sensitivity
experiments and CTRL; (g and h) dCAPE0 – CTRL and (i and j) dCAPE60 – CTRL. The gray contours in (e) show the grid
scales  in  VR  modeling.  The  stippled  areas  in  (g)–(j)  indicate  that  the  difference  between  the  sensitivity  experiments  and
CTRL is statistically significant at the 0.05 level. Shown in the top right is the global mean precipitation of GPCP, ERA5,
and  each  model,  and  the  spatial  correlations  (CORR)  and  root-mean-square  errors  (RMSE)  between  the  ERA5/modeled
precipitation and GPCP.
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lution  (figure  not  shown).  However,  the  VR  CTRL  model
increases the convective-to-total precipitation ratio to ~90%,
implying  unrealistic,  overly  frequent  precipitation  events
with extended durations but low intensity. This is primarily
due to the smaller timestep used for the coarse mesh size in

the VR modeling.
The overestimated ratio is reduced in the dCAPE0 and

dCAPE60 models because a more restricted convective trig-
ger  acts  to  suppress  weak  convection.  The  convective-to-
total precipitation ratio for dCAPE60 is about 80% in the trop-

 

 

Fig.  4. (a)  The  meridional  transects  of  precipitation  zonally  averaged  along  86°–93°E in  JJA (units:  mm d–1).  Shown are
GPCP (black), CTRL (red), dCAPE0 (green), and dCAPE60 (blue). The solid gray line shows the zonally averaged terrain
height (units: m). (b) and (c) The same as for (a) but for the modeled convective and large-scale precipitation, respectively.
(d)–(f) The v component of total  column water vapor transport  in JJA for (d) CTRL, (e) dCAPE0, and (f)  dCAPE60. The
gray curve represents a terrain height of 4000 m.

 

 

Fig. 5. Zonally averaged (a) annual mean precipitation for GPCP, ERA5, and each model (units: mm d–1). (b) and (c) The same
as for (a), but for the June–July–August (JJA) and December–January–February (DJF) mean, respectively. (d)–(f) The same as
for (a)–(c), but for the model generated convective-to-total precipitation ratio.
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ics.  However,  this  ratio  is  still  higher  than  the  observed
value and that of the 120-km simulation. To produce a more
realistic precipitation partitioning in the GRIST-VR config-
uration, further improvements to physical parameterizations
are necessary to correctly depict the interactions between sub-
grid  scale  convection  and  large-scale  dynamic  processes.
For  example,  the  stochastic  method  of  Wang  et  al.  (2018)
notably  reduced  weak  convective  precipitation  during  the
Indian summer monsoon, inspiring future improvements.

The summer monsoon plays a significant role in the sea-
sonal  variation of  precipitation over  Asia. Figs.  6a–e show
the latitude and monthly migration of  East  Asian monsoon
rainfall averaged for 110°–140°E. The pattern of precipitation
migration for ERA5 is similar to GPCP, but the summertime
rainfall amount is higher. The CTRL model reproduces the
overall northward migration of rainband from May to July.
But it underestimates the stationary mei-yu rain belt (around
32°N),  and shifts  the  maximum center  northward (see  also
Fig. 7). It also overestimates low-latitude precipitation during
the retreat  period of monsoon (from October to March).  In
contrast,  the dCAPE0 and dCAPE60 models better  capture
the  key  features  of  rainfall  variation.  The  underestimated
mei-yu rain belt is ameliorated, and the maximum center is
more consistently located with observations and reanalysis.

Over the South Asian monsoon region (Figs. 6f–j), the
CTRL  model  overestimates  precipitation  over  10°–20°N
from June to September. The dCAPE0 and dCAPE60 models
move the maximum rainfall center northward in better agree-
ment  with  the  observations/reanalysis.  They  better  capture
the migrating rainfall  feature associated with the onset  and
retreat of the South Asian monsoon. However, the maximum
monsoon rainfall amounts near 22°N are still overestimated
from  June  to  September.  Comparing  dCAPE0  and

dCAPE60, varying the threshold value of convection trigger
over  the  land  from  0  to  60  J  kg–1 h–1 has  a  small  overall
impact on the seasonal variation of precipitation.

Figure  7 uses  the  differences  of  precipitation  between
June and May (and between July and June) to show the spatial
pattern of rainfall variation corresponding to the summer mon-
soons. With the onset of the Indian summer monsoon, remark-
able  precipitation  increases  occur  over  the  western  coastal
regions of the Arabian Peninsula and the Bay of Bengal as
well as to the south of the Tibetan Plateau (Fig. 7a). The rain-
fall  amounts  over  southeastern  and  southern  China  and
Japan also increase due to the onset of the East Asian summer
monsoon. The CTRL model reproduces the positive rainfall
changes corresponding to the onset of Indian summer mon-
soon,  but  the  increase  in  precipitation  amount,  especially
over  the  Bay  of  Bengal,  is  larger  than  GPCP  and  ERA5.
The dCAPE0 and dCAPE60 models ameliorate the overesti-
mated precipitation over the southern portion of the Tibetan
Plateau.  They  also  better  capture  the  spatial  pattern  of
changes  in  rainfall  associated  with  the  onset  of  East  Asian
summer monsoon. From June to July, the CTRL model pro-
duces an artificial reduction of precipitation over the north-
western part of the Indochina Peninsula, which is largely cor-
rected  by  dCAPE0  and  dCAPE60.  The  dCAPE0  and
dCAPE60 models reproduce the key features of rainfall varia-
tion  between  June  and  July,  with  positive  (negative)
changes  that  can  be  seen  to  the  north  (south)  of  32°N,  but
they overestimate the increase of precipitation over northern
India and the Bay of Bengal.

Figure 8 shows the annual precipitation cycles over the
five  sub-regions  in  China.  The  CTRL  run  produces  the
annual  cycle  consistent  with  GPCP  and  ERA5  over  the
Tibetan Plateau, the Western Plain, and South China. It pro-

 

 

Fig.  6. Latitude-time  variation  of  rainfall  averaged  for  110°–140°E  (units:  mm  d–1)  from  the  (a)  GPCP,  (b)  ERA5,  and
simulations for the (c) CTRL, (d) dCAPE0, and (e) dCAPE60. (f)–(j) The same as for (a)–(e) but averaged for 60°–105°E.
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duces  the  peak  timing  about  one  month  earlier  than  the
GPCP  and  ERA5  over  Southwest  China  and  the  Eastern
Plain. The revised scheme impacts the annual cycle of precipi-
tation  over  the  Eastern  Plain,  Southwest  China,  and  South
China, as it tends to delay the rainfall peak time over these

regions.

 3.2.    Diurnal cycle of precipitation

The  aforementioned  analysis  suggests  that  the  revised
convective  parameterization  basically  maintains  the  added

 

 

Fig. 7. Differences in precipitation amount (units: mm d–1) between June and May (June minus May) from (a) GPCP, (b) ERA5, and
simulations for (c) CTRL, (d) dCAPE0, and (e) dCAPE60. Black curves represent a terrain height of 2000 m. (f)–(j),  same as for
(a)–(e) but for the differences between July and June (July minus June). The stippled areas indicate that the difference is statistically
significant at 0.05 level.
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value of  higher  resolution for  mean precipitation over  East
Asia.  It  also  ameliorates  the  biases  in  the  southern  portion
of the Tibetan Plateau, the Bay of Bengal, and the Arabian
Sea. Varying the threshold value of the trigger function has
a small overall impact on the mean precipitation and its sea-
sonal variation. In addition to the mean state, the diurnal varia-
tion of precipitation is also an important aspect of evaluating
how well the model reproduces the characteristics of precipita-
tion.

The diurnal variation for boreal summer rainfall is evalu-
ated with hourly model output using harmonic analysis (e.g.,
Dai, 2001). Figure 9 compares the modeled local solar time
(LST)  for  the  peaks  of  first  harmonic  cycle  with  GPM/
ERA5. The observed maximum rainfall over land is location
dependent and occurs most frequently in either late afternoon
(1700 to 2200 LST) or from midnight to early morning (e.g.,
over  the  Tibetan  Plateau  and  Sichuan  Basin).  The  ERA5
tends to precipitate earlier than the GPM over major conti-
nents.  The  CTRL  model  peaks  too  early  during  the  day
(1200–1500 LST)  and fails  to  capture  the  nocturnal  peaks,
except over the Tibetan Plateau, exhibiting common biases
as shown in the lower-resolution version of GRIST (see also
Fig. A2). Increasing the horizontal resolution over East Asia
has  an  overall  modest  impact  on  improving  the  diurnal
phase of precipitation, which is consistent with the VR simula-
tions  of  the  Energy  Exascale  Earth  System  Model  Atmo-
sphere  Model  version  1  that  uses  the  Zhang–McFarlane
parameterization (Tang et al., 2019).

It is found that the modeled diurnal cycle of precipitation

by  the  default  double-plume  scheme  is  too  tightly  coupled
to  the  solar  diurnal  cycle.  This  is  because  solar  radiation,
accompanied by surface heating and boundary layer  turbu-
lence, contributes to the initiation of deep convection during
the day. After applying the revised dCAPE trigger and clo-
sure, a substantial delay in the rainfall peak over most land
areas is seen, especially in the dCAPE60 model. The rainfall
peak over India is delayed to ~1700 LST, and late afternoon
to night rainfall peaks are found over Southwest and Northeast
China. Over the United States, the dCAPE60 model captures
the  eastward  propagating  signal  from  downstream  of  the
Rockies (late afternoon) to the adjacent Great Plains (noctur-
nal-to-early-morning), showing a model-independent feature
of  dCAPE  trigger  similar  to  that  exhibited  in  Cui  et  al.
(2021) and Xie et al. (2019) [Fig. S1 in the electronic supple-
mentary  material  (ESM)].  The  performance  of  dCAPE60
over tropical Africa is dependent on the location. Neverthe-
less, this approach shows promise in capturing some propagat-
ing  signals  and  nocturnal  peaks  associated  with  mesoscale
convective systems in this region (Yang and Slingo, 2001).

Cui  et  al.  (2021)  and Xie  et  al.  (2019) indicated  that
using a dCAPE trigger in the Zhang–McFarlane parameteriza-
tion  (with  a  CAPE-based  closure)  leads  to  a  substantially
weaker diurnal amplitude of precipitation than observations
because of the time needed for increased CAPE to reach its
maximum during the day is mismatched with the dCAPE trig-
ger constrained by large-scale dynamic processes (cf., Fig. 2
in Cui et al. (2021)). The weakened diurnal amplitude of pre-
cipitation  is  largely  corrected  by  a  consistent  setting  of

 

 

Fig.  8. Annual  cycle of  mean precipitation (units:  mm d–1)  for  GPCP, ERA5, and each model  averaged over  the five sub-regions
denoted in Fig. 2: (a) Tibetan Plateau, (b) Western Plain, (c) Southwest China, (d) Eastern Plain, and (e) South China.
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dCAPE-based  trigger  and  closure  for  deep  convection
(Figs.  9f–j).  Consequently,  all  models  reproduce  the
observed diurnal amplitude of precipitation. Over East Asia,
dCAPE60  produces  a  spatial  pattern  of  diurnal  amplitude
that is close to that of the GPM.

Figure 10 shows the normalized diurnal cycle (by daily
means)  of  precipitation  amount,  frequency,  and  intensity
over the selected sub-regions. The precipitation amount, fre-
quency, and intensity are calculated following Chen and Dai
(2018).  Generally,  a  more  restricted  convective  trigger

delays and reduces the precipitation frequency in the after-
noon.  The  diurnal  amplitude  of  precipitation  intensity  is
also reduced over Southwest China and the Eastern and West-
ern Plain.

Over the main body of the Tibetan Plateau, the observa-
tion shows a late afternoon peak (around 1800 LST) in precip-
itation amount  and frequency.  Chen et  al.  (2012)  indicated
that  the  rainfall  peak  from  rain  gauge  observations  has  a
later shift of ~3 h because the rain gauges capture rainfall in
the  valleys  while  satellites  capture  it  over  the  mountains.

 

 

Fig. 9. Diurnal peak time (LST) of the first harmonic of precipitation during JJA for (a) GPM, (b) ERA5, (c) CTRL, (d) dCAPE0,
and (e)  dCAPE60. The 24-h phase dial  is  given in the top right,  with the phase (local  time) of the maximum indicated by colors,
while  the  magnitude  is  indicated  by  the  color  saturation.  (f)–(j)  Same  as  for  (a)–(e),  but  shows  the  diurnal  amplitude  of  the
precipitation (units: mm d–1) for the GPM, ERA5, and each model.
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Fig. 10. Normalized (by daily mean) mean diurnal cycle of summer precipitation (a)–(e) amounts, (f)–(j) frequency, and (k)–(o) intensity
averaged over the five sub-regions denoted in Fig.  2.  Shown are GPM (black),  ERA5 (gray),  and modeling results  from CTRL (red),
dCAPE0 (green),  and dCAPE60 (blue).  The amount is  defined as the accumulated precipitation over a  given period,  the frequency is
defined as the percentage of the hours that have measurable precipitation (>0.1 mm d–1) during the period, and the intensity is defined as
the average precipitation rate over the precipitating hours.
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The nighttime rainfall is barely captured by ERA5, indicating
a rainfall peak at around 1600 LST. In contrast,  all  models
perform reasonably well in reproducing the diurnal phase of
precipitation amount and intensity over the Tibetan Plateau.
The simulated diurnal amplitude in precipitation intensity is
stronger than the satellite observation.

The Western Plain is dominated by early-morning rain-
fall, clearly seen in the diurnal cycle of observed precipitation
amount and intensity. The CTRL model has a spurious rainfall
peak in the afternoon with high frequency and low intensity.
It reproduces the early-morning peak but has an earlier shift
of ~2 hours. The dCAPE60 model substantially reduces the
spurious instability-related (convective) precipitation by sup-
pressing  the  precipitation  frequency  in  the  afternoon.  The

early-morning peak over this region is therefore highlighted.
However,  the  revised  dCAPE  trigger  and  closure  seem  to
have  a  limited  ability  to  delay  the  early-morning  rainfall
peak, with an earlier shift  still  shown in both dCAPE0 and
dCAPE60. One possible reason is that the convective parame-
terization  cannot  reasonably  describe  organized convection
over this region (Rio et al., 2019; Chen et al., 2021). The east-
ward propagating large-scale precipitation does not dominate
total precipitation over this region (see also Fig. 11). There-
fore, the model cannot capture the eastward propagating con-
vective systems.

A  double-peak  feature  is  observed  over  Southwest
China. One peak occurs in the late afternoon (around 1700
LST) with  high frequency and low intensity,  and the  other

 

 

Fig. 11. Hovmöller diagram of hourly rainfall in JJA averaged over the area bounded by 27°–32°N and 100°–130°E for the (a) GPM,
(b)  CTRL,  (c)  dCAPE0,  and  (d)  dCAPE60  (units:  mm  d–1).  (e)–(g)  and  (h)–(j)  Same  as  for  (b)–(d)  but  for  the  convective
precipitation (precc) and large-scale precipitation (precl), respectively.
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occurs  at  midnight  (around 0200 LST) with high intensity.
The  CTRL  model  underestimates  the  midnight  peak.  Con-
versely, it overestimates the afternoon peak and shifts it 5-h
earlier.  The biased diurnal  cycle  of  precipitation frequency
is the main contributing factor.  The revised dCAPE trigger
and  closure  increase  the  frequency  of  precipitation  during
nighttime and reduces and delays it in the afternoon, improv-
ing the diurnal precipitation cycle over this region. The diur-
nal variation of rainfall intensity also agrees better with the
observation. Comparing dCAPE0 and dCAPE60, increasing
the  threshold  value  of  the  convection  trigger  enhances  the
impact on delaying and reducing the afternoon rainfall peak.

Over the Eastern Plain, the observed rainfall presents a
dominant rainfall peak in the afternoon (around 1600 LST)
and  a  secondary  peak  in  the  early  morning  (around  0600
LST).  The  CTRL  model  captures  the  double-peak  feature,
but it overestimates the afternoon rainfall peak and produces
a 3-h earlier shift in the peak time. This overestimated after-
noon peak is  reduced and slightly  delayed in  dCAPE0 and
dCAPE60. Yuan et al. (2013) reported that the double-peak
feature  of  CAM5  in  the  mei-yu  region  is  due  to  opposing
phases regarding convective precipitation (peaks in the after-
noon) and large-scale precipitation (peaks in the early morn-
ing).  The  revised  dCAPE trigger  and  closure  suppress  and
delay  the  (convective)  precipitation  frequency  in  the  after-
noon; consequently, simulations agree better with the observa-
tions.

South  China  is  a  typical  warm-season  climate  regime
dominated  by  instability-related  late  afternoon  convection,
which tends to peak at ~1600 LST (mainly indicated by the
precipitation frequency).  All  the  models  exhibit  the  typical
daytime convection development caused by surface heating,
with  rainfall  peaks  at  ~1400  LST.  The  dCAPE60  reduces
the diurnal variation of precipitation frequency and amounts,
but it only exerts a small impact on delaying the peak time.

Over East Asia, a typical summer rain belt is the zonal
domain  extending  from  the  eastern  slope  of  the  Tibetan
Plateau to the Yangtze River valley, including the subtropical
mei-yu front. Figure 11 shows a Hovmöller diagram of precip-
itation averaged for 27°–32°N. The regional features shown
in  observations  include  the  eastward  propagating  rainfall
from the lee side of the Tibetan Plateau, the co-existence of
early morning and late afternoon peaks over central-eastern
China,  and  the  morning  rainfall  over  the  East  China  Sea.
The CTRL run produces a nearly stationary (convective) pre-
cipitation center from the lee side of the Plateau into eastern
China, where the maximum precipitation occurs in the early
afternoon. In contrast, dCAPE60 reproduces most observed
features  except  for  a  weaker  propagating  signal  at  105°–
108°E. The revised dCAPE trigger and closure improve the
simulated diurnal cycle by reducing the convective precipita-
tion  in  the  afternoon,  which,  in  turn,  leads  to  more  large-
scale precipitation that exhibits an eastward propagating sig-
nal.

The weaker eastward propagation of precipitation over
the Western Plain explains the underestimation of early-morn-

ing rainfall over this region. It implies that the parameterized
convection  does  not  have  a  close  enough relationship  with
the  resolved-scale  model  dynamics;  thus,  only  the  large-
scale precipitation exhibits  an eastward propagating signal.
The  simulated  diurnal  cycles  of  convective  and large-scale
precipitation  are  very  similar  to  CAM5  (e.g., Yuan  et  al.,
2013) but rather different from those shown in Zhang et al.
(2021),  in  which  GRIST  uses  a  different  physics  suite.  In
Zhang  et  al.  (2021),  parameterized  convection  contributed
to  a  clear  eastward  propagating  signal  downstream  of  the
Tibetan  Plateau.  It  exhibited  a  response  to  the  large-scale
dynamical forcing similar to grid-scale precipitation. It also
played a dominant role in regulating the precipitation simula-
tion. Since the dynamical core is shared, this difference sug-
gests  that  physical  processes,  including,  but  not  limited  to,
convective  parameterization,  are  essential  in  representing
the propagation of rainfall over East Asia. In particular, the
response of model convection (either explicitly represented
by the dynamics-microphysics interaction or implicitly repre-
sented  by  cumulus  parameterization)  to  nocturnal  moisture
convergence downstream of the Tibetan Plateau is essential.
Ongoing analysis has been carried out to analyze this issue
further.

 4.    Conclusion and discussion

This  study  improves  the  diurnal  cycle  of  precipitation
simulation for GRIST by adding the large-scale dynamic con-
straints on the trigger of deep convection. The original dou-
ble-plume scheme indicates a premature peak of precipitation
during the day over land, revealing its deficiency in capturing
the diurnal  cycle  of  summer rainfall  even at  higher  resolu-
tion. To improve the diurnal cycle of precipitation, an empiri-
cal dynamic restriction suggested by Xie and Zhang (2000)
is  added to  the  combined dCAPE and CIN-TKE trigger  of
deep convection. The closure assumption is revised accord-
ingly to allow other processes to consume CAPE under the
more restricted convective trigger condition. The revised con-
vective scheme is assessed with a variable-resolution model
setup, and its impact on the mean state and variability of pre-
cipitation  is  evaluated.  The  major  conclusions  are  as  fol-
lows.

The revised convective parameterization generally main-
tains the added value of higher resolution for mean precipita-
tion over East Asia. It ameliorates the wet biases in summer
rainfall over the Bay of Bengal and the Arabian Sea and better
captures  the  key  features  of  rainfall  migration  associated
with  the  onset  and  retreat  of  the  Asian  monsoon.  Varying
the threshold value of the dCAPE trigger from 0 to 60 J kg–1

h–1 has an overall small impact on the global mean precipita-
tion  and  its  seasonal  variation.  In  addition,  improvements
are seen in the summer mean precipitation over the southern
slopes of the Tibetan Plateau. The revised scheme increases
the convective precipitation at the lower levels of the wind-
ward slopes, thus weakening moisture transport and reducing
the  large-scale  precipitation  over  the  upper  slopes.  The

1238 IMPACT OF A REVISED CONVECTIVE PARAMETERIZATION VOLUME 40

 

  



revised scheme shifts the peak southward, leading to a better
agreement with the observations.

The diurnal precipitation cycle over land is substantially
improved by applying the revised dCAPE trigger and closure
of deep convection, especially by increasing the dCAPE trig-
ger threshold to 60 J kg–1 h–1. A notable delay of daytime rain-
fall peak is found over East Asia. The subsequent potential
problem of dCAPE trigger that reduces the diurnal amplitude
of precipitation, as indicated by Cui et al. (2021) and Xie et
al.  (2019),  is  avoided  by  the  consistent  setting  of  the
dCAPE-based trigger and closure. Further analysis indicates
that the dCAPE60 model improves the diurnal cycle of precip-
itation by delaying and reducing the afternoon peak in precipi-
tation frequency, thus, highlighting the large-scale nighttime
precipitation  with  a  propagating  feature.  The  overly  strong
coupling between the initiation of  deep convection and the
solar diurnal cycle is relaxed.

In  addition  to  East  Asia,  improvements  in  the  diurnal
cycle of precipitation by the revised convective parameteriza-
tion are found over areas such as the Southern Great Plains
(SGP) of the United States. It captures the eastward propagat-
ing signal  downstream of the Rockies in the late afternoon
to the SGP at midnight, alleviating the problem of a premature
daytime peak (Fig. S1 in the ESM), a result consistent with
Cui et al. (2021) and Xie et al. (2019), which used different
modeling systems. It demonstrates that a model-independent
feature in the form of a dCAPE trigger improves the diurnal
phase  of  precipitation.  The  revised  closure  of  convection
yields further improvements in the diurnal amplitude of pre-
cipitation and will also benefit other modeling systems that
have difficulties in representing the diurnal cycle.
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 APPENDIX A

 Intercomparison of the Precipitation Simulation at 120 km
and 110–35 km Resolutions

This  section  compares  the  JJA mean  precipitation  and
its diurnal variation simulated at a uniform 120 km resolution
(G6_CTRL)  and  110–35  km  variable  resolution
(VR_CTRL). Figure A1 displays the bias of JJA mean precipi-
tation  against  GPCP  from  G6_CTRL  and  the  difference
between  VR_CTRL and  G6_CTRL.  G6_CTRL shows  wet
biases over the West Pacific (especially in the “Philippines
hotspot ”)  and  around  the  Maritime  Continent.  Over  East
Asia, it overestimates summer rainfall over most land areas
of China and shows overly excessive precipitation over the
southern  slopes  of  the  Tibetan  Plateau.  Compared  to
G6_CRTL, the VR model decreases the artificial precipitation
over  the  “Philippines  hotspot ”  and  East  Asia.  In  addition,
the  rainfall  peak  over  the  southern  slopes  of  the  Tibetan
Plateau is slightly shifted southward by VR_CTRL.

Figure A2 shows the modeled diurnal phase and diurnal
amplitude of summer rainfall for G6_CTRL and VR_CTRL.
G6_CTRL peaks too early during the day (1200–1500 LST)
over  the  land  and  fails  to  capture  the  nocturnal  peaks,
except over the Tibetan Plateau. VR_CTRL shows a pattern
of diurnal phase generally consistent with that in G6_CTRL.
The  diurnal  amplitude  over  East  Asia  is  slightly  larger  in
the VR model than in G6_CTRL since more grid-scale precip-
itation is resolved at a higher resolution.

Figure A3 compares the Hovmöller diagram of precipita-
tion  between  G6_CTRL  and  VR_CTRL  over  East  Asia.
Both models produce a nearly stationary convective precipita-
tion  center  in  the  afternoon  and  an  eastward-propagating
area  of  large-scale  precipitation.  VR_CTRL increases  both

 

 

Fig. A1. (a) The bias of JJA mean precipitation against GPCP from G6_CTRL (units: mm d–1), and (b) differences between
VR_CTRL and G6_CTRL.
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the  convective  and  large-scale  precipitation,  as  compared
with G6_CTRL. But the propagating pattern of precipitation

is very similar between VR_CTRL and G6_CTRL. In sum-
mary, the VR model reduces some regional biases of mean

 

(a) G6_CTRL

(d) VR_CTRL(c) G6_CTRL

(b) VR_CTRL

 

Fig.  A2. Diurnal  peak time (LST) of  the first  harmonic of  precipitation during JJA for  (a)  G6_CTRL and (b)  VR_CTRL.
(c)–(d) Same as for (a)–(b) but show the diurnal amplitude of the precipitation (units: mm d–1).

 

 

Fig. A3. Hovmöller diagram of hourly summertime rainfall averaged over the area bounded by 27°–32°N and 100°–130°E for (a)
GPM,  (b)  G6_CTRL,  and  (c)  VR_CTRL  (units:  mm  d–1).  (d–e)  and  (f–g)  Same  as  for  (b  and  c)  but  for  the  convective
precipitation (precc) and large-scale precipitation (precl), respectively.
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precipitation around East Asia. But the increased resolution
(from 120 km to 35 km) and refined terrain have a limited
impact on the diurnal cycle of precipitation.
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