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While the numerical models are being run with increasing resolutions, the parameterization of cumulus
convection used in the general circulation models, irrespective of closure assumption and trigger mechanism, continue to use the mass Cux framework. To address one of the most important components of
convective parameterization, vertical proBle of mass Cux is examined. We have compared the convective
mass Cux of the Coupled Model Intercomparison Project Phase 5 (CMIP5) models during Boreal summer
over the Eastern PaciBc, Western PaciBc and Indian Ocean with that of ERA – Year of Tropical Convection (YOTC) reanalysis dataset. The analyses suggest that most of the models overestimate the mass
Cux by an order over all the oceanic basins and interestingly the vertical structure also appears similar for
all the CMIP5 models irrespective of ocean basins. In view of this, we state that the improper mass Cux
distribution in the cumulus parameterization schemes of global models need to be improved to reduce
some of the uncertainties arising from the cumulus schemes of climate models which in turn impact the
precipitation bias of the models.
Keywords. Convective mass Cux; improper vertical distribution; CMIP5 models.

1. Introduction
Since the last few decades, significant improvement
is made in the expertness of numerical weather
prediction across all the global centres (ECMWF,
UKMET, JMA, CMC, NCEP-GFS and many
more. The improvement in model expertness is
mainly attributed to enhanced model resolution,
better physical parameterization and improved
data assimilation (Kim et al. 2012; Dandi et al.

2016; Ganai et al. 2016). However, one of the issues
that largely remain unchanged is the approach of
parameterizing convection in the General Circulation Models (GCMs). The conventional parameterization schemes (e.g., Arakawa and Schubert
1974; Bougeault 1985; Gregory and Rowntree
1990; Kain and Fritsch 1990; Emanuel 1991; Donner 1993; Bechtold et al. 2001; Han and Pan 2011)
depend on the convective mass Cux proBle that
decides the nature of convection in the model. A
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demonstration of deriving mass Cux proBle based
on the RADAR-wind proBler combination is
attempted by Kumar et al. (2015). In this
approach, they have utilized the wind RADAR
(dual polarised C-band radar) and wind proBler (50
and 920-MHz dual frequency wind proBler pair)
over Darwin, Australia. Deriving the vertical
velocity from wind proBler and cloud fraction from
the RADAR, they were able to generate the vertical proBle of mass Cux over Darwin. While the
approach of Kumar et al. (2015) is able to generate
the vertical proBle of mass Cux over a location of
land, the issue of mass Cux proBling over the oceans
remains elusive. In a novel approach, Masunaga
and Luo (2016) utilizing satellite data, derived the
vertical mass Cux proBle over the oceanic region.
But the dataset is very limited from 1 January
2008 to 31 December 2009. They have considered
global tropical ocean basins (15°S–15°N) excluding
all the land masses as organised convective systems
are unevenly distributed over tropical oceans.
Keeping the importance of the mass Cux framework in the convective parameterization used in
climate models into account, vertical distribution
of mass Cux of GCMs are examined in the present
manuscript. It is also reported (Sperber et al. 2013)
that in spite of improved resolutions of CMIP5
models as compared to those in CMIP3, rainfall
bias in both these systems appear broadly similar
during the Asian summer monsoon season. The
mass Cux proBles of the CMIP5 model may throw
new insights on the deBciencies of the model and its
impact on simulated rainfall bias. We are bringing
out a comparison of mass Cux proBles of state-ofthe-art GCMs with ERA-YOTC reanalysis data.
The paper is arranged with data and methodology
in section 2, results and discussion in section 3 and
conclusions in section 4.

2. Data and methodology
Monthly mean datasets from the historical experiments for 13 CMIP5 models where the convective
mass Cux is available are downloaded from the
Earth System grid. In all these models, outputs are
used from the Brst ensemble member. All the
models are re-gridded to the same spatial scale of
2.5° 9 2.5°. More details about the historical runs
can be found in Taylor et al. (2012). Essential
information on all 13 models that are used in the
present study is given in table 1. In this manuscript, all the analyses are done for the period of
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1985–2005 (21 years). The available datasets for
different parameters used in the present study are
listed in table 2. For model validation purpose,
different reanalyses products are used. For comparing model derived mass Cux proBle, ECMWF
Year of Tropical Convection (YOTC) reanalyses
based mass Cux proBle is used. The main reason of
using reanalysis dataset of mass Cux is that there is
no available global observational datasets. The
dataset is available for the 2-yr period of May
2008–April 2010. Although the temporal length of
the data is short, it may provide an insight about
the magnitude and vertical proBle of mass Cux over
the globe. It is also noteworthy that the order of
ERA-YOTC derived mass Cux is comparable with
that reported by Masunaga and Luo (2016). Daily
precipitation data from the Tropical Rainfall
Measuring Mission (TRMM) 3B42 version 7 (V7)
(HuAman et al. 2007) at a horizontal resolution
of 0.25° 9 0.25° for the years 1999–2012 is used.
Global Precipitation Climatology Project (GPCP)
(Adler et al. 2003) rainfall datasets for the period
of 1985–2005 at a resolution of 2.5° 9 2.5° has been
used. Modern Era Retrospective-analysis for
Research and Applications (MERRA) (Rienecker
et al. 2011) reanalysis-based convective cloud top
(cct) at a horizontal resolution of 1° 9 1° for the
period of 1985–2005 is used.

3. Results and discussion
3.1 Tropical east PaciBc
The convective mass Cuxes are derived with 13
CMIP5 models (table 1) and are compared with
the ERA-YOTC reanalysis derived convective
mass Cuxes over the region of the tropical eastern
PaciBc (10°S–10°N, 126°W–179°E) (Bgure 1a).
Except for MIROC5, all other models broadly show
a similar vertical mass Cux proBle with a sharp
maximum within 800 hPa followed by a substantial
reduction of mass Cux. Unlike the analyses
(Bgure 1a), the models show a higher mass Cux
value within 800 hPa and a sharp decrease above,
while the analyses show the mass Cux in the middle
troposphere to be of the same order as that of the
lower troposphere. The mass-Cux proBle of the
CSIRO-MK3 model is somewhat similar as compared to ERA-YOTC derived mass-Cux proBle.
MIROC5 shows a completely different proBle with
a maximum at around 700 hPa, unlike the analyses. It may be due to the fact that in MIROC5, the
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Table 1. Description of CMIP5 models used in the present study.
Model name
CanESM2
GFDL-CM3
GFDL-ESM2G
GFDL-ESM2M
HadGEM2-CC
HadGEM2-ES
IPSL-CM5A-LR
MIROC5

MRI-CGCM3
MRI-ESM1
NorESM1-M
CSIRO-Mk3-6-0
CCSM4

Horizontal
resolution

Institution
Canadian Centre for Climate Modelling and Analysis,
Victoria, BC, Canada
Geophysical Fluid Dynamics Laboratory, USA
Geophysical Fluid Dynamics Laboratory, USA
Geophysical Fluid Dynamics Laboratory, USA
Met ODce Hadley Centre, UK
Met ODce Hadley Centre, UK
Institut Pierre-Simon Laplace, France
Atmosphere and Ocean Research Institute (The University of
Tokyo), National Institute for Environmental Studies, and Japan
Agency for Marine-Earth Science and Technology, Japan
Meteorological Research Institute, Japan
Meteorological Research Institute, Japan
Norwegian Climate Centre, Norway
Commonwealth ScientiBc and Industrial Research Organization/
Queensland Climate Change Centre of Excellence, Australia
National Center for Atmospheric Research, USA

Temporal
coverage

T63L35

1985–2005

2° 9 2.5° L48
2° 9 2.5° L24
2° 9 2.5° L24
N90L60
1.25° 9 1.875° L38
1.875° 9 3.75° L39
T85L40

1985–2005
1985–2005
1985–2005
1985–2005
1985–2005
1985–2005
1985–2005

T159L48
T159L48
1.875° 9 2.5°
T63L18

1985–2005
1985–2005
1985–2005
1985–2005

0.94° 91.25° L26

1985–2005

Table 2. Details of variables used from CMIP5 models in the present study.
Model name
CanESM2
GFDL-CM3
GFDL-ESM2G
GFDL-ESM2M
HadGEM2-CC
HadGEM2-ES
IPSL-CM5A-LR
MIROC5
MRI-CGCM3
MRI-ESM1
NorESM1-M
CSIRO-Mk3-6-0
CCSM4

Mass–Cux rainfall

Convective cloud top

Q1 heating

**
**
**
**
**
**
*–
**
**
**
**
**
**

*
*
*
*
–
–
*
*
*
*
–
–
–

*
*
*
*
–
–
*
*
*
*
*
*
–

‘*’ denotes data available for the CMIP5 model and ‘–’ denotes non-availability of data for the
CMIP5 models.

convective closure is based on CAPE like many
other models, but CSIRO-MK3 has a stability
dependent closure which might have made the
mass Cux of CSIRO-MK3 better than MIROC5.
It is interesting to note that even though the
CMIP5 models have different resolutions and
physical schemes, they broadly show a similar
proBle of convective mass Cux. To check the
consequence of the mass Cux on the model
simulated precipitation over the tropical East
PaciBc, the rainfall probability distribution
function (PDF) is analysed (Bgure 2a). Most of
the models produce too many moderate

categories of rainfall and underestimate the
heavier rain categories.
3.2 Tropical west PaciBc
After analysing the tropical east PaciBc, we analysed the other important convective region over
the tropical ocean namely the tropical west PaciBc
(10°S–10°N, 108°E–152°E). The observed (based
on analyses), as well as the simulated mass Cux for
the tropical west PaciBc, is shown in Bgure 1(b).
Similar to the eastern PaciBc, the CMIP5 models
overestimate the mass Cux with maximum value

2
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Figure 1. Mass–Cux (kg m 2 s 1) proBle over (a) East, (b) West paciBc, and (c) Indian Ocean from CMIP5 models as compared with ERA-YOTC data. Mass–Cux (kg m
is plotted at X axis and altitude (hPa) at Y axis.
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Figure 2. Rainfall PDF over east, and west paciBc, Indian Ocean from TRMM, GPCP, and CMIP5 models. The ranges of rain
rate are (mm day 1) along X axis and rainfall PDF (in fraction) along Y axis.

within the lowest part of the troposphere and do
not maintain the mass Cux till the middle troposphere. The MIROC5 shows a different proBle over
the west PaciBc as compared to other CMIP5
models. CSIRO-MK3-6-0 shows a proBle with
overestimation, but the mass Cux is maintained up

to the middle troposphere. While the convective
mass Cux over the tropical east PaciBc is lower
than that in the western PaciBc, the CMIP5 models
fail to show the contrasting characteristic, on the
contrary, show an overestimation with a similar
range in both the oceanic regions.
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To bring out the model Bdelity on simulating
precipitation, the PDF of rain (Bgure 2b) is analysed. Most of the CMIP5 models, similar to
Bgure 2(a), overestimate the moderate rain categories and underestimate the heavier categories.
Similar to the eastern PaciBc, the simulations of
CMIP5 models appear identical and the bias in
capturing heavier rain rates also persists.
3.3 Indian Ocean
The analyses of simulated mass Cux proBle by the
CMIP5 models over the Indian Ocean (60°–100°E,
30°S–10°N) reveals (Bgure 1c) that much similar
to the proBles over the eastern PaciBc, all the
models show a large overestimation of mass Cux
within 800 hPa level and then gradual reduction
with vertical pressure levels. However, the simulated mass Cux is found to be higher even in the
middle troposphere and above with respect to
analyses. The rainfall PDF over the Indian
Ocean also shows large overestimation by the
models for the moderate categories of rain rate
and models largely miss the heavier rain rate
categories (Bgure 2c).

J. Earth Syst. Sci. (2020)129:138
As the Bay of Bengal and Arabian Sea become
the centre of convective activity during monsoon
months (JJAS), we have analysed the simulated
mass Cux over the Bay of Bengal (80°–100°E,
10°–22°N) and the Arabian Sea (68°–76°E, 10°–
22°N) (supplementary Bgure S1). It is evident that
similar to the other three oceanic basins, the
models show an overestimation of mass Cux in the
lower troposphere.
The above analyses indicate that even though
models show overestimated mass Cux within lower
troposphere, it fails to produce heavier rain rates as
evident from the rainfall PDF. This in turn suggests that possibly the models are generating fewer
deep clouds and abundant of shallow clouds.
To support the above hypothesis, convective
cloud top (cct) is plotted for CMIP5 models
in eastern, western PaciBc and over the Indian
Ocean region as compared to MERRA-reanalysis
(Bgure 3a–c). It also depicts that cct is improper in
all the models as compared to reanalyses particularly to the north of the equator. It may be noted
that, in the region of equator–10°N, the MERRA
reanalyses show deeper clouds with lesser cct in
the western PaciBc and Indian Ocean region

Figure 3. Longitudinal average of convective cloud top pressure (cct in hPa) from MERRA-reanalysis and CMIP5 models for
east and west PaciBc, Indian Ocean.
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Figure 4. Spatial plot of convective cloud top pressure (cct in hPa) from MERRA reanalysis and CMIP5 for east, and west
PaciBc, Indian Ocean.

(Bgure 3b–c), while all the models show higher cct
(shallow clouds) indicating model’s limitation to
generate deep clouds. The region over the eastern
PaciBc shows (Bgure 3a) low cloud to the south of
5°S, while almost all the models (except MIROC5)
fail to capture the low cloud either. To further
substantiate the issues of model cloud height, the
spatial plot of CMIP5 model simulated convective

cloud top pressure is plotted for the eastern PaciBc,
western PaciBc and Indian Ocean (Bgure 4a–c).
Although the models simulate the shallow
cloud region over the eastern PaciBc region, there
is a substantial overestimation as compared to
MERRA reanalyses. The problems of the models
are more evident over the western PaciBc, where
the reanalyses show deeper clouds which are
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Figure 5. Apparent heat source (Q1) (K day 1) for ERA-YOTC reanalysis, CMIP5 models for east, west PaciBc, and Indian Ocean.
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underestimated by all the models. Over the Indian
Ocean, MERRA shows deeper cloud to the north of
equator which is partly captured by the GFDL
models and IPSL (Bgure 4c).
The response of improper cloud simulation has
also been reCected in the large scale diabatic
heating proBles. The apparent heat source (Q1) is
estimated based on Yanai et al. (1973) over the
eastern PaciBc, western PaciBc and Indian Ocean
(Bgure 5) region. All the models significantly
underestimate the heating (by around 1 K) at the
middle and upper troposphere as compared to the
YOTC estimate over these three oceanic regions.
The weaker heating above 500 hPa, could possibly
be due to improper cloud condensate and lack of
latent heat release.

4. Conclusions
The Bdelity of CMIP5 GCMs in simulating the
vertical convective mass-Cux proBle over the
tropical east-PaciBc, west-PaciBc and Indian
Ocean are compared with ERA-YOTC re-analysis.
The last 21 years of historical simulation of 13
CMIP5 models are utilized in the present manuscript. The analyses suggest that over the tropical
East and west PaciBc and the Indian Ocean, the
convective mass Cux of the models is (approx.) one
order higher than that of the observation. Most of
the models show maxima in the mass Cux proBle
within 800 hPa and then show a sharp decrease
with height up to 100 hPa, unlike the analyses.
Most of the CMIP5 models considered in this study
show an overestimation in rainfall PDF for moderate categories and underestimation in heavier
categories. The above analyses indicate improper
convective mass Cux proBle and inappropriate
generation of heavier rain rates in the models. The
present analyses thus bring out clearly that the
convective mass Cux of the CMIP5 models over the
oceanic region is improper. Further development
of convective parameterization is needed with
improved mass Cux proBle possibly constrained
from suite of observations.
We, therefore, state that a global convective
mass Cux proBle data repository combining the
satellite-derived product over the ocean and all the
in-situ instruments over the global land areas may
be prepared. This global vertical mass Cux data
can then be used to validate climate model generated mass Cux over the land and ocean vis-
a-vis be
used to constrain models with these observed

proBles. This would provide the possible pathways
of improving one of the most fundamental components of convective parameterization in climate
models namely the convective mass Cux.
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