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ABSTRACT

Convective/large-scale  (C/L)  precipitation  partitions  are  crucial  for  achieving  realistic  rainfall  modeling  and  are
classified  in  16  phase  6  of  the  Coupled  Model  Intercomparison  Project  (CMIP6)  atmospheric  models.  Only  4  models
capture the feature that convective rainfall significantly exceeds the large-scale rainfall component in the tropics while the
other  12  models  show  50%–100%  large-scale  rainfall  component  in  heavy  rainfall.  Increased  horizontal  resolution
generally  increases  the  convective  rainfall  percentage,  but  not  in  all  models.  The  former  4  models  can  realistically
reproduce  two  peaks  of  moisture  vertical  distribution,  respectively  located  in  the  upper  and  the  lower  troposphere.  In
contrast,  the  latter  12  models  correspond  to  three  types  of  moisture  vertical  profile  biases:  (1)  whole  mid-to-lower
tropospheric  wet  biases  (60%–80%  large-scale  rainfall);  (2)  mid-tropospheric  wet  peak  (50%  convective/large-scale
rainfall); and (3) lower-tropospheric wet peak (90%–100% large-scale rainfall). And the associated vertical distribution of
unique clouds potentially causes different climate feedback, suggesting accurate C/L rainfall components are necessary to
reliable climate projection.
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Article Highlights:

•  Large-scale rainfall significantly exceeds the convective component for tropical heavy rainfall in most CMIP6 models.
•  The  classification  of  convective/large-scale  rainfall  components  are  closely  associated  with  four  types  of  moisture

vertical distributions.
•  The associated different cloud vertical distributions potentially cause different climate responses and large uncertainties

in climate projections.
 

 
 

 

1.    Introduction

Heavy  precipitation  can  cause  huge  losses  in  terms  of
human life, economies, and ecosystems (Meehl et al., 2000;
Lesk  et  al.,  2016)  and  has  significantly  increased  with
global warming (Lehmann et al., 2015; Donat et al., 2016).
Accurate  modeling  and  prediction  of  heavy  precipitation
events are crucial but challenging. Current global climate sys-
tem models (GCMs) have large biases in modeling tropical

precipitation (Li and Xie, 2014; Huang et al., 2018), particu-
larly heavy precipitation (Dai, 2006; He et al., 2019). Unreal-
istic  convective  and  large-scale  precipitation  components
essentially  contribute  to  the  biases  of  simulated  precipita-
tion  (Zhang  et  al.,  1994; Gomes  and  Chou,  2010; Yang  et
al.,  2013).  Although  sometimes  total  rainfall  amounts  can
be simulated well, the convective and large-scale precipita-
tion  partitions  are  incorrect  in  the  models  (Kyselý et  al.,
2016). Therefore, the status of convective and large-scale pre-
cipitation  components  in  current  GCMs  needs  to  be  clari-
fied.

Moreover, convective and large-scale precipitation com-
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ponents are closely associated with the vertical distribution
of  moisture  (Bretherton  et  al.,  2004)  and  cloud  fractions
(Zhao,  2014; Wang and  Zhang,  2016).  Because  the  radiat-
ive effects of low and high clouds differ (Wetherald and Man-
abe,  1988),  the  different  components  of  convective  and
large-scale  precipitation  may  closely  correspond  to  differ-
ent climate feedbacks (Zelinka et al., 2013, Stephens et al.,
2019), eventually driving uncertainties in climate change pro-
jection  (Andrews  et  al.,  2012; Kauppinen  and  Malmi,
2018).  Distinguishing  the  differences  in  convective  and
large-scale precipitation among climate models is helpful in
understanding the uncertainties of future projection.

The  outputs  of  the  new-generation  phase  6  of  the
Coupled  Model  Intercomparison  Project  (CMIP6)  models
were  recently  released,  providing  a  new  opportunity  to
revisit the aforementioned dilemmas. Are there any distinct
features of the convective/large-scale (C/L) precipitation parti-
tions  among  these  CMIP6  models,  particularly  in  terms  of
heavy rainfall? To what extent does model resolution influ-
ence  C/L  rainfall  components  in  heavy  rainfall?  And  what
are the associated moisture/cloud vertical distributions? The
following  sections  will  answer  the  above  questions  in
sequence. 

2.    Datasets and methodology

The  model  outputs  are  retrieved  from  the  newly
released  CMIP6  models  (https://esgf-node.llnl.gov/search/
cmip6/), which are shown in Table S1 in the Electronic Sup-
plementary  Material  (ESM).  To  simplify  the  study  and
avoid  the  inclusion  of  air-sea  interaction,  only  the  Atmo-
spheric  Model  Intercomparison  Project  (AMIP)  and
HighResMIP  Tier  1  runs  are  chosen  (Eyring  et  al.,  2016,
Haarsma  et  al.,  2016).  Additionally,  the  selected  models
need to  have  released  both  daily  accumulated  precipitation
and  convective  precipitation  variables,  as  well  as  relative
humidity (RH) and cloud fraction. The first ensemble mem-
ber “r1i1p1f1” of most models is used in this study, though
some  models  (CNRM-CM6-1,  CNRM-ESM2-1,  and
UKESM1-0-LL)  do  not  include  “r1i1p1f1 ”  but  provide
“r1i1p1f2”. The time period 2000–14 is used for this study,
but the sensitivity of results to using different study periods
and different members was examined, showing no major dif-
ferences (see Figs. S1 and S2 in the ESM).

To  identify  the  effect  of  horizontal  resolution  on  C/L
components,  several  pairs  of  models  which  released  both
high-  and  low-resolution  versions  were  obtained  (see  sec-
tion 3.2). To identify the climate feedback, the surface air tem-
perature  outputs  are  also  applied  in  the  simulations  forced
by  an  abrupt  quadrupling  of  CO2 (abrupt-4xCO2)  experi-
ment  of  CMIP6  models,  which  covers  the  years  2000–14.
The  observed  RH  is  derived  from  ECMWF  Reanalysis  v5
(ERA5) (Copernicus Climate Change Service, 2017), which
has a horizontal resolution of 0.25° × 0.25° and 37 pressure
levels. To avoid the effect of resolution on results, all model
datasets  were  interpolated  onto  a  1°  ×  1°  grid  using  the

nearest-neighbor  interpolation  method  (Accadia  et  al.,
2003).

To describe the frequency/percentage distribution of pre-
cipitation  as  a  function  of  intensity,  the  daily  precipitation
rate was divided into a 1 mm d−1 interval, starting from 0.5
mm d−1 (He et al., 2019). Following the definition of differ-
ent  precipitation  intensities  by  the  China  Meteorological
Administration  and  previous  studies  (e.g., Matsumoto  and
Takahashi, 1999; He et al., 2019), this study focuses on fea-
tures above 50 mm d−1,  which is the usual threshold selec-
tion for heavy precipitation.

A 1 mm d−1 interval composite of rainfall intensity for
the whole tropical domain was made in order to investigate
the  behaviors  of  moisture  and  cloud  fraction  vertical  pro-
files  against  different  rainfall  intensities.  Here,  the  tropical
region covers the area between 20°S and 20°N. To discuss
the effect of climate feedback, the surface temperature anom-
aly of the period 1850–2000 was obtained by removing the
air temperature of the year 1850. 

3.    Convective/large-scale  rainfall  partition  of
tropical heavy precipitation in CMIP6

 

3.1.    Classification  of  C/L  rainfall  partitions  for  tropical
heavy rainfall in CMIP6

To recognize the current  status of  tropical  C/L rainfall
partitions associated with heavy rainfall in CMIP6, the fre-
quency  distributions  and  percentage  contributions  of  the
C/L  component  against  rainfall  intensity  in  16  CMIP6
model outputs focusing on heavy rainfall were investigated,
as shown in Fig. 1. As a result, only four models in CMIP6
(EC-Earth3,  UKESM1-0-LL,  HadGEM3-GC31-HM,  and
SAM0-UNICON)  have  the  feature  that  convective  rainfall
exceeds  large-scale  rainfall  in  heavy  rainfall,  as  shown  in
Fig. 1(I). In contrast, in the other 12 models, large-scale rain-
fall is equal to or exceeds convective rainfall in the heavy rain-
fall partition as show in Fig. 1(II, III, IV), and those models
were further categorized into three major types according to
different  percentage contributions  of  C/L rainfall.  The first
type  includes  BCC-CSM2-MR,  CESM2,  NESM3,  GFDL-
CM4, MIROC6, FGOALS-g3,  and MRI-AGCM3-2-H [see
Fig. 1(II)]. For these models, the convective rainfall exceeds
the  large-scale  rainfall  in  intensity  at  approximately  less
than  50  mm d−1 while  it  becomes  less  than  the  large-scale
component at greater than 50 mm d−1,  except for MIROC6
which has more convective rainfall until 170 mm d−1. The per-
centage  of  the  large-scale  rainfall  is  gradually  increasing
with  the  intensity  increase  and  reaches  approximately
70%–80%  in  extreme  heavy  rainfall.  The  second  type
includes  CNRM-ESM2-1,  CNRM-CM6-1,  and  ECMWF-
IFS-HR [see Fig.  1(III)].  For  these  models,  the  convective
rainfall  exceeds  the  large-scale  rainfall  at  less  than  50  mm
d−1 while  the  large-scale  and  convective  rainfall  nearly
account for a similar percentage (50%) for extreme rainfall
greater than 50 mm d−1.  The third type includes CanESM5
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Fig.  1.  Frequency–intensity  distribution  of  total  (black),  convective  (red),  and  large-scale  (blue)  rainfall  (a)  and
percentage–intensity  distribution  of  large-scale  and  convective  rainfall  (b)  in  CMIP6.  I−IV  denotes  four  categories  of
convective and large-scale precipitation partitions.
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and IPSL-CM6A-LR [see Fig. 1(IV)]. For these models, the
convective  component  is  greater  than  the  large-scale  rain-
fall  for  a  precipitation  intensity  less  than  50  mm  d−1 but
sharply decreases at greater than 50 mm d−1. The large-scale
precipitation  falsely  increases  with  increased  intensity  and
contributes nearly 100% for a heavy extreme rainfall greater
than  150  mm  d−1.  In  other  words,  the  category  I  models
have  much  more  convective  rainfall  than  large-scale  rain-
fall  in  heavy  rainfall;  the  category  II  models  have  more
large-scale  precipitation  than  convective  precipitation  in
heavy rainfall; the category III models have similar percent-
ages  of  large-scale  and  convective  rainfalls  in  heavy  rain-
fall;  and  the  category  IV  models  almost  only  include  the
large-scale  precipitation component  in  extreme heavy rain-
fall. 

3.2.    How  do  horizontal  resolutions  influence  C/L
partition in CMIP6?

As previous studies have reported, the partitions of con-
vective and large-scale rainfall may be associated with hori-
zontal spatial resolution (Weisman et al.,  1997, Pieri  et  al.,
2015; He  et  al.,  2019).  Here,  the  effect  that  model  hori-
zontal  resolution  has  on  the  C/L  component  in  CMIP6  is
examined  through  the  following  two approaches.  First,  the
convective rainfall components between higher and lower ver-
sions  of  some  given  models  are  compared.  For  example,
HadGEM-GC3  and  IPSL-CM6A  are  shown  in Fig.  2a.  In
HadGEM-GC3,  which  features  convective  rainfall  exceed-
ing large-scale rainfall in heavy rainfall, the convective rain-
fall  percentage  in  its  higher  resolution  (0.23°  ×  0.35°)  is

slightly  less  than  that  in  its  lower  resolution  (1.25°  ×
1.875°)  at  intensities  between 50 mm d−1 and  300 mm d−1

but becomes more than that in its lower resolution at intensit-
ies greater than 400 mm d−1. However, differing results are
found for IPSL-CM6A, which has more large-scale rainfall
than  convective  rainfall  in  heavy  rainfall.  Compared  with
the IPSL-CM6A lower resolution (1.26° × 2.5°) version, the
convective percentage in the higher resolution (0.5° × 0.7°)
version  is  greater  at  intensities  less  than  300  mm  d−1 but
lower  for  heavy extreme rainfall  greater  than  400 mm d−1.
In  both  lower  and  higher  resolution  versions  of  IPSL-
CM6A, the first-order feature remains that large-scale rain-
fall  significantly  exceeds  convective  rainfall,  which  is  not
influenced by difference in horizontal resolution.

Second,  a  comparison  between  two  groups  of  models
with relatively lower and higher resolutions (see the model
descriptions in Table S2 in ESM) is made, shown in Fig. 2b.
The results show that averaged convective rainfall accounts
for a larger percentage in the high-resolution group than in
the low-resolution group of CMIP6. Meanwhile,  the multi-
model  ensemble  convective  rainfall  percentage  exceeds
large-scale rainfall in the high-resolution group while large-
scale rainfall  exceeds convective rainfall  in the low-resolu-
tion group of CMIP6 at intensities between 50–300 mm d−1.
Accordingly, the models with higher resolution generally pro-
duce  more  convective  rainfall  partition  than  those  with
lower resolution. However, not all models follow this trend.
Higher  resolution  does  not  always  lead  to  higher  convect-
ive rainfall percentage. 

 

 

Fig.  2.  (a)  Convective  rainfall  percentage  of  higher  (red)  and  lower  (blue)  resolution  versions  in  given  models  and  (b)
convective rainfall percentage (right panel) and C/L percentage ratio (left panel), respectively in HRM (red) and LRM (blue).
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4.    Moisture/cloud  vertical  distributions
associated with C/L rainfall components in
CMIP6 models and their implications

Previous studies have reported that the vertical distribu-
tion of moisture is directly associated with heavy rainfall sim-
ulation  (Bretherton  et  al.,  2004, He  et  al.,  2019).  Mean-
while, the vertical distribution of moisture influences cloud
vertical  distribution  and  further  affects  climate  feedback
(Zelinka et al., 2013). Therefore, it is necessary to examine
the vertical profile of moisture and investigate if there are rel-
evant  common  features  associated  with  the  C/L  compon-
ents. As shown in Fig. 3, there are two peaks of RH located
in  the  upper  troposphere  (150–200  hPa)  and  lower  tropo-
sphere  (850–1000  hPa),  respectively,  under  observation.
The vertical distribution of moisture against different precipit-

ation intensities averaged in the tropical region is illustrated
for 16 CMIP6 models, as shown in Fig. S3 in the ESM. In
comparison, a remarkable, common feature of the aforemen-
tioned  category  I  models  (EC-Earth3,  UKESM1-0-LL,
SAM0-UNICON, and HadGEM3-GC31-HM) with more con-
vective  rainfall  is  that  they  can  capture  the  two  RH  peaks
well  approximately  over  the  upper  and  lower  troposphere,
although the RH peak levels are slightly different.

However, in the other three categories of models, those
that  have  more  large-scale  than  convective  precipitation  in
the extreme rainfall partition, the aforementioned two remark-
able peaks of RH vertical distribution under observation are
not  reproduced  well,  particularly  the  upper-level  peak.  In
terms of the three categories based on the different categor-
ies of convective/large-scale components mentioned in sec-
tion 3.1, the associated RH distributions primarily show com-
mon  biases  for  each  category,  as  shown  in Fig.  3.  In  cat-

 

 

Fig.  3.  Composite  vertical  profiles  of  RH  against  different  precipitation  intensities  (contour  on  the  left)  and  the
normalized vertical profile of RH at greater than 50 mm d−1 (XY plot on the right) based on GPM/ERA5 and four
categories of C/L component in CMIP6.
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egory II,  the observed RH upper-level peak disappears and
the  whole  middle-lower  tropospheric  atmosphere  is  wet
below  300  hPa,  which  corresponds  to  the  large-scale  rain-
fall (the maximum is nearly 80%) exceeding convective rain-
fall for extreme partition greater than 50 mm d−1, except for
MRI-AGCM3-2-H and GFDL-CM4. In category III, the RH
upper-level peak is significant but lower and located at over
500 hPa, which corresponds to the comparable C/L rainfall
in  the  rainfall  extreme  partition.  In  category  IV,  in  which
100%  of  the  extreme  portion  precipitation  comes  from
large-scale rainfall and 0% comes from convective rainfall,
the  observed RH upper-level  peak also disappears,  and the
simulated  RH  has  only  a  single  vertical  peak  with  a  large
amount of moisture trapped in the lower troposphere, which
accordingly causes heavy large-scale rainfall.

In  observation,  heavy  rainfall  is  typically  caused  by
deep  convection  in  tropical  regions,  which  usually  corres-
ponds  to  cloud  tops  higher  than  15  km  (Sekaranom  et  al.,
2018, Fig.  3).  Considering  the  accessible  daily  cloud  ver-
tical distribution output, one model in each category was pur-
posely  chosen  to  examine  its  cloud  vertical  distribution  as
shown in Fig. 4. In category I, the extreme rainfall partition
features a large mid-to-high cloud fraction, which is consist-
ent with deep convection. In category II, the cloud fraction
between  200  hPa  and  700  hPa  significantly  increases  dur-
ing extreme rainfall, which corresponds to lower cloud tops,
an  increased  middle-to-lower  cloud  fraction,  and  increased
cloud  thickness  between  200  hPa  and  700  hPa.  Therefore,
the large-scale rainfall overcomes the convective rainfall in
the simulation of this condition. In category III, high clouds

 

 

Fig. 4. Composite vertical profiles of cloud fraction based on different precipitation intensities in four CMIP6 models.
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at approximately 100–150 hPa and middle clouds at approx-
imately  500  hPa  are  distinguishable,  which  corresponds  to
comparable convective and large-scale rainfalls in the simula-
tion. In category IV, low clouds are dominant, which is con-
sistent with the 100% large-scale rainfall in the extreme rain-
fall  simulation.  Because  different  cloud  types  have  differ-
ent contributions to climate adjustments in coupled models
under global warming (Zelinka et al., 2013), the distinct ver-
tical  distributions of the cloud fraction provide the greatest
source  of  intermodal  spread  in  climate  response  to  green-
house warming, which can be somewhat detected, as shown
in Fig. S4 (Soden and Held, 2006; Po-Chedley et al., 2019). 

5.    Conclusion and discussion

The C/L precipitation partitions are crucial  for  achiev-
ing realistic rainfall modeling. Using newly released CMIP6
model  outputs,  the  convective  and large-scale  precipitation
partitions  are  comprehensively  classified  with  focus  on
heavy rainfall that is greater than 50 mm d−1. Only 4 AMIP
models  (EC-Earth3,  UKESM1-0-LL,  HadGEM3-GC31-
HM, and SAM0-UNICON) capture the feature that convect-
ive rainfall significantly exceeds the large-scale rainfall com-
ponent,  while  the  other  12  models  show  more  large-scale
than convective component in heavy rainfall. Further investig-
ation  revealed  that  higher  resolution  generally  produces
more convective rainfall, with some exceptions. In terms of
associated moisture vertical distribution, the 4 “realistic” mod-
els are those that have more convective rainfall components
and  can  realistically  reproduce  two  peaks  in  moisture  ver-
tical  distribution,  located in the upper (250 hPa) and lower
(850  hPa)  troposphere.  In  contrast,  the  other  12  “unreal-
istic” models correspond to three types of moisture vertical
profile biases.  The first  type of bias is  that  between a 60%
−80% and 40%−20% partition of large-scale/convective rain-
fall  in  the  extreme  partition  corresponds  to  the  unrealistic
whole  mid-to-lower  tropospheric  wetness;  the  second  type
of bias is that 50% convective/large-scale extreme rainfall cor-
responds  to  a  false  mid-tropospheric  (500  hPa)  wet  peak;
and the third type of bias is that large-scale rainfall accounts
for nearly 100% of the extreme intensity corresponding to a
single  evident  peak  in  the  lower  troposphere.  The  associ-
ated  cloud  vertical  distributions  are  accordingly  distinct,
which potentially causes different climate responses to green-
house  emissions  and  eventually  contributes  to  the  greatest
uncertainty due to the intermodal  spread in climate projec-
tion.

Note that it  is challenging to find appropriate observa-
tions to make an apples-to-apples comparison with a GCM.
On one hand, in satellite observations, most stratiform precip-
itation in the tropics is a precipitation from anvil clouds of a
convective system (Tao et al., 2006) and characterized by a
“bright  band  (melting  layer) ”  (Awaka  et  al.,  2007).  In
GCMs, convective and large-scale  precipitations are  calcu-
lated  by  a  convection  scheme  and  a  large-scale  condensa-
tion  scheme,  respectively.  Therefore,  large-scale  precipita-

tion in the model is not the same as stratiform precipitation
in the satellite observations. On the other hand, the rain intens-
ity  in  satellite  observations  is  the  instantaneous  intensity
(mm  h−1),  which  may  pass  through  a  particular  grid  point
only  once  in  about  five  days.  As  the  daily  average  of  the
rain  intensity  is  a  conditional  average  (average  over  the
rainy  area  and  rainy  time  only),  it  does  not  represent  the
daily accumulated rain amount (mm d−1) for the grid cell in
a GCM. However, the convective rain intensity should be lar-
ger than large-scale rain intensity in the tropics (Tao et al.,
2010).  Heavier  large-scale  precipitation  in  the  tropics  in
GCMs may be due to some deficiency of the cumulus para-
meterization scheme in most models, so that the tropical con-
vective  precipitation  may  be  represented  by  unrealistically
heavy large- scale precipitation.
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